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ABSTRACT
We analyzed a sample of 9418 fundamental-mode and first-overtone classical Cepheids from the
OGLE-IV Collection of Classical Cepheids. The distance to each Cepheid was calculated using the
period–luminosity relation for the Wesenheit magnitude, fitted to our data.
The classical Cepheids in the LMC are situated mainly in the bar and in the northern arm. The
eastern part of the LMC is closer to us and the plane fit to the whole LMC sample yields the inclination
i = 24.◦2±0.◦7 and position angle P.A.= 151.◦4±1.◦7. We redefined the LMC bar by extending it
in the western direction and found no offset from the plane of the LMC contrary to previous studies.
On the other hand, we found that the northern arm is offset from a plane by about −0.5 kpc, which
was not observed before. The age distribution of the LMC Cepheids shows one maximum at about
100 Myr.
We demonstrate that the SMC has a non-planar structure and can be described as an extended
ellipsoid. We identified two large ellipsoidal off-axis structures in the SMC. The northern one is lo-
cated closer to us and is younger, while the south-western is farther and older. The age distribution of
the SMC Cepheids is bimodal with one maximum at 110 Myr, and another one at 220 Myr. Younger
stars are located in the closer part of this galaxy while older ones are more distant.
We classified nine Cepheids from our sample as Magellanic Bridge objects. These Cepheids
show a large spread in three-dimensions although five of them form a connection between the Clouds.
The closest one is closer than any of the LMC Cepheids, while the farthest one – farther than any
SMC Cepheid. All but one Cepheids in the Magellanic Bridge are younger than 300 Myr. The oldest
one can be associated with the SMC Wing.
Key words: Stars: fundamental parameters – Cepheids – Magellanic Clouds – Galaxies: statistics
– Galaxies: structure
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1. Introduction
The Large Magellanic Cloud (LMC) and the Small Magellanic Cloud (SMC)
are one of our closest galaxies. What makes the LMC–SMC pair even more in-
teresting is that these galaxies have a common history. Their interactions led to
formation of a few intriguing structures: the Magellanic Stream, the Leading Arm,
and the Magellanic Bridge (Gardiner et al. 1994, Gardiner and Noguchi 1996,
Yoshizawa and Noguchi 2003, Connors et al. 2006, Ru˚žicˇka et al. 2009, 2010,
Besla et al. 2010, 2012, Diaz and Bekki 2011, 2012, Guglielmo et al. 2014). To-
gether with the Magellanic Clouds they constitute the Magellanic System.
The Magellanic Stream is a 160◦ long stream of gas that seems to be trailing
the Clouds’ past orbit (Nidever et al. 2008, 2010). It has a double nature in terms
of morphology, velocity and metallicity (e.g., Putman et al. 2003, Nidever et al.
2008, Fox et al. 2010, 2013, Richter et al. 2013). The Leading Arm was formed
together with the Stream (e.g., Nidever et al. 2008). It comprises of four groups
of High Velocity Cloud (Venzmer et al. 2012) and is interacting with matter in the
Milky Way disk (McClure-Griffiths et al. 2008). It is known to have a young stellar
component (Casetti-Dinescu et al. 2014).
The Magellanic Bridge (MBR), a connection between the two Clouds, was
known as a gaseous feature since the work of Hindman et al. (1963). It is thought
to be formed after the last encounter of the LMC and SMC that took place 200–
300 Myr ago (e.g., Gardiner et al. 1994, Gardiner and Noguchi 1996, Ru˚žicˇka et
al. 2010, Diaz and Bekki 2012, Besla et al. 2012). The detailed analysis of neutral
Hydrogen (HI) kinematics reveals that the Magellanic Bridge is connected with
the western part of the LMC disk (Indu and Subramaniam 2015). Moreover, the
velocity distribution suggests that the MBR is being sheared. Numerical models
predict that the Bridge should have a stellar component (e.g., Diaz and Bekki 2012,
Besla et al. 2012, Guglielmo et al. 2014), that should be an important tracer of
interactions between the LMC and SMC.
Young stars in the area between the Clouds were observed by Shapley (1940).
Later, young stars were discovered farther from the SMC, in the direction to the
LMC (Irwin et al. 1985, Demers and Battinelli 1998, Harris 2007, Nöel et al. 2013,
2015). Finally, Skowron et al. (2014) showed that there exists a continuous con-
nection between the Clouds formed by a young stellar population. Moreover, the
Bridge also contains warm ionized gas (Barger et al. 2013). Intermediate age stars
were also observed in the MBR (Nöel et al. 2013, 2015), as well as candidates for
an old stellar population (Bagheri et al. 2013). Recent studies of stellar clusters
and associations suggest that these structures may be forming a tidal dwarf galaxy
(Bica et al. 2015) that had already been proposed by Bica and Schmitt (1995). Such
galaxies form from the gas pulled out of the interacting galaxies and can have their
own star formation (SF) processes (Ploeckinger et al. 2014, 2015).
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The interactions between the Magellanic Clouds have made a significant im-
pact on both galaxies. The knowledge of their structure brings relevant implica-
tions for their common history as well as for other, more distant galaxy systems.
The Clouds are our closest interacting galaxies, thus can be described as our “local
laboratory”. Their structure is also essential for proper understanding of the nature
of rare microlensing events detected toward the Clouds and their interpretation ei-
ther as self-lensing or due to compact dark matter objects (e.g., Wyrzykowski et al.
2011, Besla et al. 2013).
In the LMC younger and older stars have different spatial distributions although
the overall shape of the galaxy is roughly regular (e.g., Cioni et al. 2000, Bica et
al. 2008, Joshi and Joshi 2014). Its disk is distorted, elongated and asymmetrical
and can be divided into inner and outer parts with different inclination angles (van
der Marel and Cioni 2001, van der Marel 2001, Olsen and Salyk 2002, Nikolaev
et al. 2004, Haschke et al. 2012a, Subramanian and Subramaniam 2013). The
eastern parts of the disk and the halo are located closer to us because of the LMC’s
inclination toward the SMC (van der Marel and Cioni 2001, Nikolaev et al. 2004,
Persson et al. 2004, Pejcha and Stanek 2009, Koerwer 2009, Subramanian and
Subramaniam 2010, Rubele et al. 2012, Haschke et al. 2012a, Subramanian and
Subramaniam 2013, van der Marel and Kallivayalil 2014, Deb and Singh 2014).
The LMC has an off-center bar that appears as an overdensity in young and old
stellar populations (Zhao and Evans 2000, Cioni et al. 2000, van der Marel 2001,
Nikolaev et al. 2004, Subramanian and Subramaniam 2013, van der Marel and
Kallivayalil 2014) as well as in the numerical models of the off-center bar (Bekki
2009, Besla et al. 2012). The galaxy also has one prominent spiral arm and maybe
two or three irregular and not very prominent arms (e.g., Cioni et al. 2000, Nikolaev,
et al. 2004, Bica et al. 2008, Moretti et al. 2014). HI maps reveal four spiral-like
structures (Staveley-Smith et al. 2003) and the new ones have just been discovered
(Indu and Subramaniam 2015). Some of the LMC stars are kinematically associ-
ated with these HI arms rather than with the disk (Olsen and Massey 2007).
The SMC is an elongated irregular galaxy with a central concentration where
young and old stars have slightly different distributions (e.g., Cioni et al. 2000,
Subramanian and Subramaniam 2012, Haschke et al. 2012b, Rubele et al. 2015).
The SMC is known to have several substructures, of which the most prominent is
the Wing, that is a part of the galaxy that connects it with the Magellanic Bridge
(e.g., Cioni et al. 2000, Nidever et al. 2011). Older populations are more uniformly
distributed while younger tend to concentrate in the central parts and in the Wing.
Moreover, the Wing also comprises of many young stellar clusters (Piatti et al.
2015). Nidever et al. (2013) showed that the optical depth in the eastern part of the
SMC is two times higher than in the western part, and the eastern part comprises of
two groups of stars with different mean distances. The SMC is rotated toward the
LMC and their closest parts on the sky are also the closest in the sense of distance
(Scowcroft et al. 2016).
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The classical Cepheids (CCs) represent a young stellar population and play an
important role in structural studies of many extragalactic systems. In the LMC and
SMC they are of exceptional significance. Henrietta Leavitt had discovered the
famous Leavitt law studying the SMC Cepheids – period–luminosity (P-L) relation
– Leavitt (1908).
Numerous studies of the LMC and SMC structure were based on the CCs.
Nikolaev et al. (2004) analyzed more than 2000 MACHO Cepheids in the LMC
and measured the viewing angles of this galaxy. They found that the results are
strongly dependent on the adopted center of the LMC, due to deviations from the
planar geometry. Moreover, they showed that the disk is warped, with the bar be-
ing offset from the disk plane. A similar study was performed by Persson et al.
(2004) for 92 Cepheids observed in the near infrared passbands. Later, Haschke et
al. (2012ab) investigated almost 2000 Cepheids from the OGLE-III data set. They
constructed three-dimensional maps of the Clouds by using individual reddening
estimates and determining distances to each Cepheid. They also detected mild
twisting in the LMC disk and noticed that the bar stands out as an overdensity.
Subramanian and Subramaniam (2015) fitted a plane to the SMC young stellar
“disk” and found extra-planar features in front of and in the back of the “disk”. The
authors suggest that the former may be a tidal structure that connects the SMC with
MBR and the latter may be a stellar counterpart of the Counter Bridge predicted
by numerical models (Diaz and Bekki 2012). On the other hand Scowcroft et al.
(2016) showed that the SMC is extremely elongated along the line of sight and they
state that fitting a plane to such structure is incorrect. The elongation of the SMC
is consistent with the significant optical depth values for this galaxy (e.g., Nidever
et al. 2013, Deb et al. 2015) and the numerical models predictions (Diaz and Bekki
2012).
The CCs were also used to study the star formation history (SFH) of the Mag-
ellanic Clouds. Both galaxies have had an active SFH during the last 2 Gyr (Harris
and Zaritsky 2009, Inno et al. 2015) and the age distribution similarities between
the LMC and SMC suggest that the galaxies must have had common SF episodes
(Harris and Zaritsky 2009, Indu and Subramaniam 2011, Inno et al. 2015, Subra-
manian and Subramaniam 2015, Joshi et al. 2016).
In this paper we present results of a three-dimensional analysis of the Magel-
lanic System using the OGLE Collection of Classical Cepheids recently published
by Soszyn´ski et al. (2015). The Collection is based on the OGLE-IV data (Udal-
ski et al. 2015), covering about 650 square degrees in this area. Compared to the
OGLE-III collection of Classical Cepheids, on which the studies described above
were based, the OGLE-IV Classical Cepheids Collection includes the northern and
southern parts of the LMC and extended outskirts of the SMC. This is the first time
that we see a full picture of the Clouds with CCs from the OGLE project.
The sample completeness is over 99%, which makes it the most complete and
least contaminated sample of CCs in the Magellanic Clouds and Bridge. Given
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the vast OGLE-IV coverage of the Magellanic System, it is unlikely that many
additional CCs will be discovered in this region, making this the ultimate collection
of CCs in the Magellanic System.
The paper is organized as follows. In Section 2 we describe the OGLE-IV data
and OGLE Collection of Classical Cepheids. In Section 3 we present the details
of the analysis. Sections 4 to 6 contain results for the LMC, SMC, and the Bridge,
respectively. We discuss and summarize the results in Sections 7 and 8.
2. Data
2.1. The OGLE Collection of Classical Cepheids
The OGLE Collection of Classical Cepheids in the Magellanic System (Soszyn´-
ski et al. 2015) contains 9535 objects of which 4620 are located in the LMC and
4915 in the SMC OGLE-IV fields. Among those 5168 pulsate solely in the fun-
damental mode (F), 3530 solely in the first-overtone (1O), 117 oscillate only in
the second-overtone (2O), 711 stars are double-mode pulsators, and nine pulsate in
three modes.
The collection is based on the I- and V-band photometry from OGLE-IV (Udal-
ski et al. 2015). The first step in variable star classification was the visual inspec-
tion of candidates’ light curves. The selection of Cepheids was then based on the
star’s light curve shape, its location in the P-L diagram, and the ratio of periods,
if multi-periodic. In some cases, the detailed inspection of the light curve was re-
peated, taking other parameters of the star into account. The final catalog contains
CCs mean magnitudes in both bands, I-band amplitude, pulsation periods, epochs
of maximum light, and Fourier parameters derived from the I-band light curves
(Soszyn´ski et al. 2015).
2.2. The Sample Selection
For our analysis we chose CCs pulsating in the fundamental mode and the first-
overtone, including multi-mode pulsators, thus we excluded 117 stars oscillating
solely in the second overtone from our sample. We were left with 9418 stars –
4593 in the LMC and 4825 in the SMC. Among those, 32 CCs (2 – LMC and – 30
SMC) are located in the genuine MBR fields, as defined by OGLE-IV field names,
i.e., within RA 1h54m . α . 4h06m (see green region in Fig. 19 of Udalski et al.
2015).
Next, we discarded Cepheids that did not have both I- and V-band magnitudes
(50 objects from the LMC, 27 from the SMC and one from MBR). Then, during the
procedure of fitting the P-L relations to our sample (see Section 3), we iteratively
rejected Cepheids with the luminosity deviating from the fit by more than 3σ . This
left us with 4222 Cepheids in the LMC, and 4663 in the SMC. We did not apply
the fitting procedure to the MBR Cepheids separately.
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Soszyn´ski et al. (2015) state that at least five of the MBR CCs are truly located
in the MBR. We carefully inspected 31 objects from the genuine MBR fields in
terms of their location on the sky, distance from the observer and from the Magel-
lanic Clouds. Indeed, 22 of them (α . 2h ) are well correlated with the whole SMC
sample, but nine are significantly offset from both galaxies. We reclassify those
as MBR stars. Thus the final sample consists of 4222 Cepheids in the LMC, 4654
in the SMC and nine in the MBR. The final sample numbers are summarized in
Table 1.
T a b l e 1
Classical Cepheid sample used in the analysis
All F 1O F1O&1O2O F1O2O&1O2O3O
LMC 4222 2292 1589 337 4
SMC 4654 2646 1727 281 0
MBR 9 4 4 1 0
Total 8885 4942 3320 619 4
3. Data Analysis
3.1. Period-Luminosity Relation
The first step in obtaining distances to Cepheids was to fit the P-L relation to
the LMC sample. In order to do this we first removed all the 1O Cepheids with
logP < −0.3 (we express P in days) from our sample. That is because they may
represent a different sample with different chemical composition which is reflected
in the P-L non-linearity near this value (Soszyn´ski et al. 2008). Moreover, these
stars are faintest, and most affected by crowding and blending effects, hence have
greater luminosity uncertainty than the mean. For multi-mode pulsators we used the
lowest pulsation mode. For fitting we used the reddening-independent Wesenheit
magnitude (Madore 1976) for the V- and I-band photometry defined as:
WI,V−I = I−1.55 · (V − I). (1)
The coefficient 1.55 is calculated from a standard interstellar extinction curve de-
pendence of the I-band extinction on E(V − I) reddening (Schlegel, Finkbeiner and
Davis 1998). We fitted a linear function in the form:
WI,V−I = a · log(P)+b (2)
using the least-squares method. In each iteration we rejected 3σ outliers until there
were none. The majority of rejected outliers are due to blending and crowding
effects.
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In the case of fundamental-mode CCs we divided the sample into two groups:
one with logP ≤ 0.4, and one with logP > 0.4. A break in the P-L relation at
this value was already reported in the literature (e.g., Bauer et al. 1999, Udalski
et al. 1999, Sharpee et al. 2002, Sandage et al. 2009, Soszyn´ski et al. 2010). We
also fitted the P-L relation to the I- and V-band magnitudes (without correcting for
extinction). The same procedure was repeated for the SMC. Results are shown in
Table 2 and in Fig. 1.
T a b l e 2
P-L relations for CCs in the Magellanic Clouds
P-L for Wesenheit magnitude WI,V−I = a · log P+b
Galaxy P. mode logP a b [mag] σ [mag] χ2/dof Ninc Nrej
LMC F
≤ 0.4 −3.216±0.033 15.864±0.010 0.103 2.991 284 6
> 0.4 −3.317±0.007 15.890±0.005 0.075 1.568 2103 87
all −3.313±0.006 15.888±0.004 0.078 1.686 2382 98
1O all −3.414±0.007 15.388±0.002 0.079 1.714 1931 84
SMC F
≤ 0.4 −3.488±0.015 16.507±0.004 0.157 6.920 1746 43
> 0.4 −3.315±0.009 16.379±0.006 0.144 5.811 957 30
all −3.458±0.005 16.492±0.002 0.155 6.746 2708 68
1O all −3.540±0.007 15.959±0.002 0.170 8.083 2010 30
P-L for I-band magnitude I = a · log(P)+b
Galaxy P. mode logP a b [mag] σ [mag] χ2/dof Ninc Nrej
LMC F
≤ 0.4 −3.036±0.032 16.865±0.010 0.140 5.499 279 11
> 0.4 −2.894±0.007 16.810±0.005 0.147 6.015 2093 97
all −2.911±0.006 16.822±0.004 0.146 5.959 2372 108
1O all −3.240±0.006 16.356±0.002 0.159 7.065 1950 65
SMC F
≤ 0.4 −3.147±0.015 17.420±0.004 0.208 12.104 1756 33
> 0.4 −2.912±0.009 17.241±0.006 0.222 13.815 976 11
all −3.113±0.005 17.401±0.002 0.216 13.064 2734 42
1O all −3.278±0.007 16.813±0.002 0.223 13.916 2007 33
P-L for V-band magnitude V = a · log(P)+b
Galaxy P. mode logP a b [mag] σ [mag] χ2/dof Ninc Nrej
LMC F
≤ 0.4 −2.964±0.032 17.526±0.010 0.190 10.142 280 10
> 0.4 −2.629±0.007 17.399±0.005 0.211 12.412 2090 100
all −2.672±0.006 17.429±0.004 0.207 11.986 2365 115
1O all −3.133±0.006 16.975±0.002 0.223 13.983 1946 69
SMC F
≤ 0.4 −2.914±0.015 18.001±0.004 0.254 18.003 1758 31
> 0.4 −2.648±0.009 17.792±0.006 0.283 22.469 978 9
all −2.901±0.005 17.984±0.002 0.266 19.846 2734 42
1O all −3.122±0.007 17.361±0.002 0.273 20.912 2004 36
Ninc is the number of objects included in the final fit, while Nrej is the number of rejected objects.
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Fig. 1. P-L relations for the Wesenheit magnitude for fundamental-mode (top panel) and first-
overtone (bottom panel) CCs in the LMC (blue dots) and in the SMC (green dots). The MBR
Cepheids are marked with large stars. Gray points represent stars rejected during the iterative 3σ
clipping when fitting the P-L relations. Top panel: Solid lines represent separate fits for two sets of F
Cepheids divided at logP = 0.4. The dotted lines show fits for the whole F sample in the LMC and
SMC. The dashed vertical line represents the period at which the P-L relation breaks. Bottom panel:
The solid lines show fits for 1O CCs. Small gray dots represent 1O Cepheids with logP <−0.3 that
were removed from our sample, as marked by the dotted vertical line.
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The most accurate fits are obtained for the Wesenheit magnitude for the LMC
Cepheids. They show the smallest scatter of only 0.08 mag. This is why we de-
cided to use these relations for distance determinations in further analysis. In the
case of the SMC, large values of χ2/dof are a result of this galaxy’s elongation al-
most along the line of sight – significant distance differences between the Cepheids
account for the scatter in magnitudes.
The slopes of the P-L for the Wesenheit index for F Cepheids with log P > 0.4
are identical for the LMC and SMC within 1σ errors, as expected (Ngeow et al.
2015). We cannot compare slopes for logP < 0.4 for two reasons. First, the LMC
sample is much less numerous than the SMC sample and so the comparison would
be biased (Udalski et al. 1999). Second, the SMC may simply have a different
value of the slope because of its different environment and Cepheids with shorter
periods may have different chemical composition (Bauer et al. 1999, Soszyn´ski et
al. 2010). When calculating the distances we assume that the SMC logP < 0.4
slope is identical as for the LMC.
3.2. Distances
In order to obtain both LMC and SMC Cepheid distances we used the mean
distance to the LMC measured by Pietrzyn´ski et al. (2013) from eclipsing-binaries,
dLMC = 49.97±0.19 (statistical)±1.11 (systematic) kpc. With 2.2% error it is the
most accurate measurement of the mean LMC distance up to date.
For each object we calculated the reference magnitude Wref , i.e., the Wesenheit
magnitude on the fitted P-L line (for the LMC) corresponding to its period P :
Wref = aLMC · log(P)+bLMC. (3)
We used a and b coefficients from Table 2, in the case of fundamental-mode
Cepheids separately for logP ≤ 0.4 and > 0.4. So the relative distance modulus
is:
δµ =WI,V−I −Wref. (4)
And then the absolute distance simply:
d = dLMC ·10
δµ
5 . (5)
Fig. 2 shows three-dimensional maps of the Magellanic System in the Cartesian
space. Blue dots mark the LMC Cepheids, green dots SMC, and large dark teal dots
show the Magellanic Bridge sample. Gray points mark the 3σ outliers rejected in
the procedure of P-L fitting (see Fig. 1 for comparison). There is a distinct spread in
the Cepheid distances along the line of sight that is mostly, but not entirely physical,
and a part of it is due to errors in distance calculation. The errors are typically
1.2–1.6 kpc (median ≈ 3% relative) for the LMC and 1.4–2.3 kpc (median ≈ 3%
relative) for the SMC. When calculating the uncertainties we used the error of zero
points of the OGLE-IV photometry which is σI,V = 0.02 mag and the uncertainties
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Fig. 2. Three-dimensional map showing the Magellanic System in Cartesian coordinates with the z
axis pointing toward αcen = 3h20m , δcen = −72◦ . Blue dots represent the LMC, green dots SMC,
and the large dark teal dots – MBR. Gray points show the 3σ outliers rejected in the P-L fitting
procedure (see Fig. 1 for comparison). Red cross marks the observer’s location. White circles mark
the LMC (Pietrzyn´ski et al. 2013, van der Marel and Kallivayalil 2014) and SMC (Graczyk et al.
2014, Stanimirovic´ et al. 2004) centers.
of the P-L fit which are shown in Table 2. We intentionally omitted the uncertainty
of the LMC distance measurement because it would only increase Cepheid distance
uncertainties without affecting the geometry. While the photometry error itself is
not large σI,V = 0.02 mag, it translates at the LMC distance to σd,I,V = 0.46 kpc
and σd,W = 0.65 kpc and this is the “natural spread” of the method. There is also a
possibility, that even though we are using the reddening-free Wesenheit index, the
differential and variable extinction within the LMC/SMC may add up to the error
in Cepheid distances.
We have analyzed how much the adopted reddening law influences the distance
uncertainties. For a Wesenheit index with a different coefficient:
WI,V−I = I−1.44 · (V − I) (6)
(Udalski 2003) we obtained slightly smaller uncertainties. In the case of the LMC
the median distance uncertainty was about 1.38 kpc (2.8% relative) when using a
coefficient of 1.55, and 1.31 kpc (2.6% relative) when using 1.44. In the case of
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the SMC the numbers are: 1.79 kpc (2.8% relative) for 1.55, and 1.70 kpc (2.6%
relative) for 1.44. We see that the choice of the reddening law coefficient does not
influence the distance uncertainties in a significant way.
3.3. Coordinate Transformations
In this study we visualize the results with two types of maps. The first one is
a two-dimensional sky map in a Hammer equal-area projection. The projection is
rotated so that the z axis is pointing toward αcen = 3h20m , δcen = −72◦ . For each
Cepheid, xHammer and yHammer are calculated from:
αb = α+
(pi
2
−αcen
)
, (7)
l = arctan
(
sin(αb)cos(δcen)+ tan(δ)sin(δcen)
cos(αb)
)
, l ∈ [−pi;pi], (8)
β = arcsin(sin(δ)cos(δcen)− cos(δ)sin(δcen)sin(αb)), (9)
xHammer = −
2
√
2 · cos(β)sin( l2)√
1+ cos(β)cos( l2)
, (10)
yHammer =
√
2 · sin(β)√
1+ cos(β)cos( l2)
. (11)
Fig. 3 shows the Hammer projection of the Magellanic System where the Cepheid
distances are color-coded. The LMC is on the left, with a clearly visible bar and
a northern arm, while the SMC is on the right. The Magellanic Bridge Cepheids
between the two galaxies are marked with larger dots. Here we can clearly see the
distance differences between the two galaxies. The bottom panels show close-ups
of each of the Clouds. When looking at the LMC (left) we can clearly see the
inclination of this galaxy – the western side of the LMC (the right side of the map)
lies farther from us than the eastern side. In fact, it is rotated in the direction of
the SMC. The right panel shows the SMC close-up. The large spread in Cepheid
distances reflects the galaxy’s significant elongation (see Fig. 2 for comparison).
The second type of maps used in this study are the three-dimensional Cartesian
space (x, y, z) projections with different viewing angles. In this transformation the
observer is always in (0,0,0) while the z axis is pointing toward different equatorial
coordinates: αcen and δcen . The transformation equations were taken from van der
Marel and Cioni (2001) and Weinberg and Nikolaev (2001):
x = −d · cos(δ)sin(α−αcen), (12)
y = d · (sin(δ)cos(δcen)− cos(δ)sin(δcen)cos(α−αcen)), (13)
z = d · (cos(δ)cos(δcen)cos(α−αcen)+ sin(δ)sin(δcen)), (14)
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Fig. 3. Three-dimensional map of CCs in the Magellanic System in a Hammer projection with the
z axis pointing toward αcen = 3h20m , δcen = −72◦ . Cepheid distances are color-coded. Upper
panel: MBR Cepheids are marked with large dots. Gray contours represent OGLE-IV fields in the
Magellanic System. Lower left panel: Close-up on the LMC. Lower right panel: Close-up on the
SMC. Note the change in color range. White circles mark the LMC (van der Marel and Kallivayalil
2014) and SMC (Stanimirovic´ et al. 2004) centers.
where d is the calculated distance to each Cepheid and αcen , δcen are the map
center coordinates. Maps showing only the LMC or only SMC are rotated so that
the z axes are pointing toward their dynamical centers. For the LMC we adopt
αLMC−cen = 5h20m12s , δLMC−cen = −69◦18′ , which is for the whole population
with a correction for young stars proper motions (van der Marel and Kallivayalil
2014). For the SMC we use αSMC−cen = 1h05m , δSMC−cen = −72◦25′12′′ (Stan-
imirovic´ et al. 2004). We decided to use the dynamical centers of these galaxies
because we think they are the most reliable. The same centers were used to calcu-
late Magellanic Clouds’ proper motions (see Kallivayalil et al. 2006ab, 2013 and
van der Marel and Kallivayalil 2014).
The uncertainties of the Cartesian coordinates include the OGLE astrometric
uncertainty which is σα,δ = 0.′′2. Every coordinate is also dependent on the dis-
tance, so the uncertainties of x, y and z include the distance uncertainty. Their val-
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ues are in the following ranges: 0.4 kpc < σx < 1.3 kpc, 0.6 kpc < σy < 1.3 kpc,
and 1.3 kpc < σz < 2.4 kpc.
The most important parameters of the CCs sample analyzed in this publication
are available online from the OGLE website:
http://ogle.astrouw.edu.pl
Table 3 presents the first few lines of the data file.
T a b l e 3
Classical Cepheids in the Magellanic System
Columns 1-7
Location OCVS Id P. mode P(a) [d] I [mag] V [mag] WI,V−I [mag]
LMC OGLE-LMC-CEP-0004 1O 2.2296385 15.123 15.690 14.244
LMC OGLE-LMC-CEP-0005 F 5.6119491 14.651 15.425 13.451
LMC OGLE-LMC-CEP-0006 1O 3.2947501 14.707 15.366 13.686
LMC OGLE-LMC-CEP-0007 1O 0.7090827 16.955 17.561 16.016
LMC OGLE-LMC-CEP-0008 1O/2O 0.9728732 16.337 16.921 15.432
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
Columns 8-14
RA Dec d [kpc] x(b) [kpc] y(b) [kpc] z(b) [kpc] Age(c) [Myr]
04h35m20.s16 −69◦48′07.′′7 51.03±1.40 −5.69±0.43 1.06±0.85 50.70±1.50 102±19
04h35m31.s52 −69◦44′05.′′8 51.05±1.41 −5.72±0.43 1.11±0.85 50.72±1.50 66±15
04h35m42.s16 −69◦43′29.′′1 51.51±1.42 −5.79±0.43 1.13±0.86 51.18±1.51 75±14
04h36m30.s06 −68◦37′35.′′7 52.77±1.45 −6.30±0.46 2.10±0.88 52.35±1.55 256±47
04h36m33.s08 −69◦18′43.′′6 50.05±1.38 −5.80±0.43 1.42±0.84 49.69±1.47 199±36
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
The electronic version of the whole sample used in this study is available online from the OGLE website.
(a) For multi-mode Cepheids the longest period is provided. (b) The cartesian x, y and z coordinates. (c) The
ages were calculated using PA relations from Bono et al. (2005).
3.4. Model and Plane Fitting
In the next step we attempt to characterize the LMC Cepheids in three dimen-
sions. Here we use a Cartesian coordinate system with the origin in the LMC center
and z axis oriented toward the observer.
x = dx˜(α,δ) = −d · cos(δ)sin(α−αLMC−cen), (15)
y = dy˜(α,δ) = d · (sin(δ)cos(δLMC−cen)−
−cos(δ)sin(δLMC−cen)cos(α−αLMC−cen), (16)
z=dLMC−dz˜(α,δ) = dLMC−d·(cos(δ)cos(δLMC−cen)cos(α−αLMC−cen)+
+sin(δ)sin(δLMC−cen)). (17)
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Structural parameters of the LMC disk (inclination, position angle) can be inferred
from a plane fit to the data:
z = ax+by+ c. (18)
The coefficient c quantifies the shift of the best-fit plane from the adopted LMC
center. The remaining two parameters can be transformed to the disk inclination i
and position angle P.A.:
i = arccos
(
1/
√
a2 +b2 +1
)
, (19)
P.A. = arctan
(
−ab
)
+
pi
2
sgn(b). (20)
A simple linear least-squares fit to the plane equation can be biased, because
the uncertainties of all coordinates (x, y, z) are not negligible, since they all contain
distance measurement error. Hence, we propose a parametrization in which a line
joining the observer and the i-th Cepheid intersects the fitted plane at a distance:
dmodel(αi,δi;a,b,c) =
dLMC− c
z˜(αi,δi)+ax˜(αi,δi)+by˜(αi,δi)
(21)
or a distance modulus:
µmodel(αi,δi;a,b,c) = 5log(dmodel(αi,δi;a,b,c))+10 (22)
if dmodel is expressed in kpc. We minimize the sum:
χ2(a,b,c) = ∑
i
(
µi−µmodel(αi,δi;a,b,c)
σµ,i
)2
(23)
using the Nelder-Mead algorithm (Nelder and Mead 1965). The adopted uncer-
tainties σµ,i include OGLE photometry uncertainties (σI,V = 0.02 mag) and the
uncertainties of the P-L fit given in Table 2. The fitting procedure is iterative and
after each step 3σ outliers are rejected. The typical deviation from the best-fit plane
(1.5 kpc) is constrained by the accuracy of the P-L relation and the “natural spread”
of the method of calculating distances as described above (0.65 kpc). We checked
that the influence of the choice of dLMC and (αLMC−cen,δLMC−cen) on the best-fit
parameters is negligible.
4. The Large Magellanic Cloud
4.1. Three-Dimensional Structure
Previous studies of the LMC CCs based on the OGLE-III data (cf. Fig. 1 from
Haschke et al. 2012a) did not include the northern and southern parts of the galaxy.
This is the first time that we see a full picture of the LMC with the OGLE Cepheids.
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Fig. 3 shows that the disk of the LMC is inclined and rotated in the direction of
its smaller neighbor, the SMC. This result is consistent with previous findings (van
der Marel and Cioni 2001, Nikolaev et al. 2004, Persson et al. 2004, Pejcha and
Stanek 2009, Koerwer 2009, Subramanian and Subramaniam 2010, Haschke et al.
2012a, Subramanian and Subramaniam 2013, van der Marel and Kallivayalil 2014,
Deb and Singh 2014). We slice-up the galaxy into distance intervals in Fig. 4 to see
the details of this tilt. Top three panels show LMC parts that are closer than 50 kpc,
while bottom three panels that are farther than 50 kpc (which is very close to the
mean distance to the LMC dLMC = 49.97 kpc from Pietrzyn´ski et al. 2013). There
is a clear difference between the top and the bottom row – the closest LMC stars
are located mainly in the eastern parts of the galaxy, especially the eastern part of
the bar and the northern arm, while the farthest parts of the LMC are in the west.
Moreover, the northern arm seems to lie closer to us than the rest of the galaxy. The
bar will be discussed in detail in Section 5.
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Fig. 4. Distance tomography of the LMC in the Hammer projection. Note that the first and the last
panel distance range is 4 kpc, the intermediate panels – 1 kpc. White circle marks the LMC center
(van der Marel and Kallivayalil 2014).
In Fig. 5 we show Cepheid column density maps. The top map is visualized in
the Hammer projection and the bottom three in the Cartesian planes xy, xz and yz,
with the z axis pointing toward the LMC center. The most prominent feature is the
bar – especially its eastern part – and the northern arm. The northern arm shows
a number of overdensities: one is connected with the bar, another two are on the
northmost side of the LMC and the fourth one is at the tip of the arm. We also see
two Cepheid overdensities in the southern part of the LMC, which may indicate a
presence of another arm. The larger of these overdensities seems to be connected
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Fig. 5. Cepheid density maps in the LMC with Cepheid column density contours. Top map: Map in
the Hammer projection. The bin size is 0.0001 in units of Hammer projection coordinates xHammer
and yHammer in both directions. Contour levels are: 50, 100, 150, 200, 300, 500, 700 Cepheids per
1 square degree. Bottom set of three maps: Maps in the Cartesian coordinates projections with the
z axis pointing toward the LMC center. The bin size is 0.3 kpc in x, y and z. Contour levels on the
xy plane are 50, 100, 150, 250, 500, 800, on the xz plane 50, 100, 150, 200, 250, 300 and on the
yz plane 50, 100, 150, 200, 300, 400 Cepheids per 1 kpc2 . The white circle marks the LMC center
(Pietrzyn´ski et al. 2013, van der Marel and Kallivayalil 2014).
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with and coming out of the bar at its east end – this is also visible in the first panel
of Fig. 4. The other southern overdensity is separated from the bar.
The bottom set of three maps in Fig. 5 shows bins in the Cartesian projections,
see figure caption for a full description. The map showing the xy plane is very
similar to the top map. The bar has the largest column density and its eastern part
is the most prominent feature of the galaxy. The northern arm and its overdensities,
as well as the southern structures, are also well distinguishable. The xz plane (view
“from the top”) shows that the inclination of the LMC is very evident. The eastern
part of the LMC lies closer to us and is more numerous than the western part. The
yz plane (view “from the side”) shows two almost separate parts: the northern and
the southern, that comprise with the LMC northern arm and the bar, respectively.
This projection clearly shows that the arm is closer to us than the LMC, as implied
in Fig. 4. On the other hand, the southern part is at a similar distance as the mean
LMC distance. Contrary to previous studies (e.g., Zhao and Evans 2000, Nikolaev
et al. 2004, Subramanian and Subramaniam 2013, van der Marel and Kallivayalil
2014 and numerical model of the off-center bar in Bekki 2009 and Besla et al.
2012), we do not see that the bar is located closer to us than the LMC.
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Fig. 6. Age tomography of the LMC using the relation from Bono et al. (2005) for a constant metal-
licity Z = 0.01. The maps are in the Hammer projection. Note that the first panel shows an interval
of 51 Myr, last – 263 Myr, the other ones – 20 Myr. White circle marks the LMC center (van der
Marel and Kallivayalil, 2014).
4.2. Ages
We estimated ages of the LMC Cepheids using the period–age relation from
Bono et al. (2005) for a constant metallicity Z = 0.01. Some studies suggest that
LMC has a metallicity gradient (Cioni 2009, Feast et al. 2010, Wagner-Kaiser and
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Sarajedini 2013), but a recent study by Deb and Singh (2014) shows that there is
no such gradient or it is too small to be detected with techniques used.
The on-sky distribution of Cepheids in different age intervals is presented in
Fig. 6. Most of the stars fall into the age range of 50–130 Myr. The youngest
Cepheids are found in the western part of the bar at α ≈ 5h and are younger than
50 Myr. In the age interval of 50–70 Myr the central part of the bar emerges. Then
the eastern part of the bar shows up along with the western part and the northern
arm. The eastern and western areas of the bar were formed at similar times and thus
should be treated as parts of one coherent structure. Cepheids older than 130 Myr
are scattered along the bar and the arm and are spread all over the LMC disk.
Soszyn´ski et al. (2015) noticed that there is a difference between the distribu-
tions of fundamental and first-overtone Cepheids in the LMC, such that 1O stars
are more spread than F-mode stars (see their Fig. 4). This can be explained by age
differences between these types – the 1O Cepheids are slightly older and so had
time to spread.
4.3. Substructures
To investigate properties of the bar, the arm, and other structures of the LMC
we divided the galaxy into several regions shown in Fig. 7. The left panel illustrates
selection areas for main structures: the whole bar and the whole arm as well as two
southern regions. We further divided the bar and the arm each into two subregions
– eastern and western bar, and northern arm 1 and northern arm 2, as shown in the
right panel. Basic parameters of all substructures, such as the median distance and
age, standard deviations and number of stars in each group, are listed in Table 4.
T a b l e 4
Characteristics of the LMC substructures
Substructure 〈dist〉 [kpc] σdist [kpc] 〈age〉 [Myr] σage [Myr] N
All Cepheids 49.93 1.79 104 53 4222
Bar 50.03 1.74 100 48 1662
Eastern Bar 49.86 1.65 100 49 1318
Western Bar 51.03 1.82 104 45 344
Northern Arm 49.39 1.66 106 48 965
Northern Arm 1 49.43 1.70 105 50 820
Northern Arm 2 49.13 1.35 108 34 143
Southern Region 1 49.96 1.73 106 46 236
Southern Region 2 50.78 1.39 101 52 190
The table lists median distance and age together with standard deviations, and
a number of stars in each substructure.
When constructing the selection areas for each structure we followed the den-
sity contours for binned data shown in Fig. 5. The choice was also based on distri-
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Fig. 7. The maps show the LMC Cepheids in the Hammer projection. Left: Main regions are pre-
sented: the whole bar, the whole northern arm and two southern regions. Right: The map shows
divisions of the bar and the arm into two subregions: eastern and western bar, northern arm 1 and
northern arm 2. White point with dot in the middle marks the LMC center (van der Marel and Kalli-
vayalil 2014).
butions of stars in different age intervals (see Fig. 6). The age-space distributions
were discussed in detail in Section 4.2. Here we concentrate on justification of the
selected regions and their properties.
The selection of the bar area was performed in a few stages. The density con-
tours suggest that the bar may consist of two parts: eastern, making up almost the
whole bar in terms of star counts, and western. The eastern bar which is regarded
as the “classical” LMC bar (see Fig. 14 in Nikolaev et al. 2004 and Figs. 1 and
7 in Haschke et al. 2012a) is the densest and the brightest part of the LMC. It is
also located about 0.5 kpc closer than the rest of this galaxy (e.g., Zhao and Evans
2000, Cioni et al. 2000, Nikolaev et al. 2004, Subramanian and Subramaniam 2013,
van der Marel and Kallivayalil 2014 and numerical models of the off-center bar in
Bekki 2009 and Besla et al. 2012). However, Fig. 4 suggests that the entire bar
should consist of both the eastern and the western part. There is a fairly continu-
ous band of stars between the parts and there is no significant break between these
parts at any of the distance slices. Even though the first two panels of Fig. 4 show
mainly the eastern bar, the third map (distance interval 49–50 kpc) shows a western
counterpart. At larger distances we see that the eastern area fades and the western
is more visible. The age-tomography (Fig. 6) leads to very similar conclusions:
the maps showing age intervals 90–110 Myr and 110–130 Myr represent the most
evident connection between the eastern and western area of the bar. Moreover, the
dynamical center of the LMC, marked in Fig. 7 with a white circle, is located in the
middle of the whole bar, not its eastern part.
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Fig. 8. Distance histograms of the selected regions in the LMC. Left panel, top: Comparison of all
LMC Cepheids with the main structures – the bar and the northern arm. Left panel, bottom: Southern
regions 1 and 2. Right panel, top: Comparison of the whole bar with its eastern and western parts.
Right panel, bottom: Comparison of the whole northern arm with its parts 1 and 2.
A histogram showing the comparison of the distance distribution in the whole
LMC and the bar (as well as the northern arm) is in the top left panel of Fig. 8.
We perform a series of Kolmogorov-Smirnov (KS) tests for the null hypothesis that
the two samples come from the same distribution, and the test results for various
samples are listed in Table 5. In the case of the whole LMC and the bar we obtained
D = 0.039 and a p-value = 0.048. This means that the hypothesis can be rejected
at a significance level α = 0.05. However, according to Sellke et al. (2001), the
error rate associated with a p-value of ≈ 0.05 is at least 23% and typically ≈ 50%
(which is the probability that a true null hypothesis has been rejected). In the case
of the p-value = 0.01, the error rate is at least 7% and typically ≈ 15%, thus in
the following analysis we will assume that the null hypothesis can be rejected only
if p-value ≤ 0.01. According to the KS test results, and median distances from
Table 4 we again see that the bar does not lie closer to us than the LMC, when
defined as described in the previous paragraph. The top right panel of Fig. 8 shows
a histogram of the entire bar and separately its eastern and western parts. Here we
can see that the eastern part does lie closer to us than the the western part, which
is supported by their median distances (49.86 kpc and 51.03 kpc, respectively) and
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the KS test results at significance level α = 0.001 (D = 0.287, p-value = 0). If
we treat the bar in a “classical” way, i.e., as its eastern part, then there is no strong
evidence that it is located closer to us than the LMC (the offset is only 0.07 kpc,
see Table 4). Also, the significance level at which we could reject the hypothesis
of the two distributions coming from the same sample is only α = 0.1 (D = 0.039,
p-value = 0.089).
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Right panel, bottom: Comparison of the whole northern arm with its parts 1 and 2.
The age histograms in the top left panel of Fig. 9 show that Cepheids’ age
distribution in the bar is fairly similar to the age distribution of the entire galaxy, as
supported by median ages in Table 4, but the KS test results presented in Table 5
allow us to reject this hypothesis at a significance level α = 0.001 (D = 0.069,
p-value = 0). The top right panel suggests that the western part of the bar is slightly
older than the eastern part, but since p-value = 0.042, we cannot reject that they
come from the same age distribution. This further supports our choice of the bar
region.
The northern arm selection area was based on density contours (Fig. 5). We
divided the arm into two parts that we named northern arm 1 and northern arm
2 (hereafter NA1 and NA2). The NA1 is the most prominent part of the whole
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T a b l e 5
Kolmogorov-Smirnov test results in the LMC
DISTANCE AGE
Sample 1 Sample 2 D p-value α∗ D p-value α∗
all bar 0.039 0.048 0.050 0.069 0.000 0.001
all bar-E 0.039 0.089 0.100 0.079 0.000 0.001
all arm-N 0.165 0.000 0.001 0.041 0.133 —–
arm-N bar 0.193 0.000 0.001 0.098 0.000 0.001
bar bar-E 0.060 0.009 0.025 0.017 0.980 —–
bar bar-W 0.227 0.000 0.001 0.066 0.159 —–
bar-E bar-W 0.287 0.000 0.001 0.083 0.042 0.050
SR1 SR2 0.295 0.000 0.001 0.139 0.031 0.050
arm-N arm-N1 0.025 0.942 —– 0.031 0.781 —–
arm-N arm-N2 0.146 0.009 0.025 0.173 0.001 0.005
arm-N1 arm-N2 0.171 0.001 0.005 0.204 0.000 0.001
∗α is a significance level at which a null hypothesis that the two samples come
from the same distribution can be rejected. No value means that α ≥ 0.100 and
the hypothesis cannot be rejected. Due to our strict approach we treat values
only below α = 0.010 as significant and allowing us to reject the hypothesis.
northern arm. It is connected with the western part of the bar and stretches out to
the northern and eastern side of the LMC. The NA2 is located in the northmost part
of the LMC and is connected with NA1. It is visible as the brightest overdensity in
the northern part of Fig. 5. Soszyn´ski et al. (2015) noticed that it is only visible in
fundamental mode Cepheids.
The distance histogram in the top left panel of Fig. 8 shows that the northern
arm is located closer to us than the whole LMC at a significance level α = 0.001
(see Table 5). The bottom right panel compares distance distributions of NA1 and
NA2. Their distances are consistent with an overall distance of the northern arm,
but the KS test shows a difference in their distributions at level α = 0.005. On the
other hand, the age histograms and KS test results in Table 5 lead to a conclusion
that the arm is slightly older than the bar (top left panel of Fig. 9), but there is no
age difference between the northern arm and the LMC.
The first map in the top panel of Fig. 4 suggests that there might be another
arm in the southern part of the LMC. It seems to be connected with the bar at its
south-east end.
We subdivide this region into two parts: southern region 1 (SR1) and southern
region 2 (SR2) shown in Fig. 7. Their mean distances (Table 4) are consistent with
the inclination of the LMC disk. The SR1, which is located in the eastern part of
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the LMC, is also closer to us than SR2, that is located in the western part of the
galaxy, at significance level α = 0.001 (Table 5). Interestingly, SR2 seems to be
younger than SR1, but the significance of this claim is low (α = 0.05), thus we do
not treat this result as relevant.
4.4. Plane Fitting
We performed a three-dimensional plane fitting to the LMC Cepheids as de-
scribed in Section 3.4. We used Cartesian coordinates x, y, z although in the plane-
fitting model the coordinate system center is placed in the LMC center and z axis
points in the opposite direction than on our map projections. We separately fit CCs
in the bar, in the northern arm and for the entire LMC. The three-dimensional se-
lection areas for the bar and the arm are shown in Fig. 10. We do realize that fitting
a simple plane is a great oversimplification, especially in the case of the bar, but
the scope of this paper is a rough estimation of the global parameters for which a
simple plane fitting is sufficient.
The best-fit parameters are listed in Table 6, where a , b and c are plane equa-
tion coefficients, i and P.A. are inclination and position angle respectively. There
are separate sets of parameters for all LMC Cepheids, for all except the bar, for the
bar, and for the northern arm. All fits have rms values of about 1.5 kpc, which is a
result of the inaccuracy of distance determination.
T a b l e 6
Best-fit parameters of the three-dimensional plane fitting procedure
LMC data a b c [kpc] N
All Cepheids −0.395±0.014 0.215±0.013 −0.005±0.021 4190
All except bar −0.354±0.016 0.237±0.014 −0.013±0.031 2458
Bar −0.414±0.039 −0.048±0.095 −0.094±0.045 1731
Northern arm −0.378±0.032 0.571±0.082 −0.463±0.170 756
LMC data i P.A. χ2/dof rms [kpc]
All Cepheids 24.◦2±0.◦7 151.◦4±1.◦7 1.355 1.5
All except bar 23.◦1±0.◦8 146.◦1±2.◦0 1.323 1.5
Bar 23.◦1±1.◦5 187.◦2±12.◦6 1.376 1.5
Northern arm 34.◦4±2.◦9 123.◦8±3.◦8 1.163 1.2
The coefficients were calculated using the Markov chain Monte Carlo method.
In the case of all LMC Cepheids, we obtain i= 24.◦2±0.◦7 and P.A.= 151.◦4±
1.◦7 that correlate well with values from the literature (see comparison in Table 7).
The parameter c , which is an offset of the fitted plane from the LMC center along
z axis in kpc, is very small and consistent with the two centers being identical.
Fig. 11 shows the z coordinate gradient and therefore the direction of LMC’s tilt.
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The fit to all Cepheids except those in the bar gives identical values of i and P.A.
(within 1σ errors for i and 2.26σ for P.A.), showing that the bar does not influence
the fit. This is also consistent with the result from Subramanian and Subramaniam
(2013) who analyzed the red clump stars in the LMC and found that the bar is a
co-planar structure, although it may be offset from the plane by up to 0.5 kpc in
the direction of the observer. This offset is not reflected in parameter c of our fit,
which for the bar is −0.094±0.045 kpc and this value is statistically insignificant
within 3σ uncertainty. As discussed in previous sections, this is an effect of the bar
selection criteria.
T a b l e 7
LMC disk parameters from the literature
Cepheids and young population
Reference i P.A. Data
This work: all 24.◦2±0.◦7 151.◦4±1.◦7 OGLE-IV CCs
This work: bar only 23.◦1±1.◦5 187.◦2±12.◦6 OGLE-IV CCs
This work: arm only 34.◦4±2.◦9 123.◦8±3.◦8 OGLE-IV CCs
Caldwell and Coulson (1986) 29◦±7◦ 142◦±8◦ Cepheids
Laney and Stobie (1986) 45◦±7◦ 145◦±17◦ Cepheids
van der Marel and Cioni (2001) 34.◦7±6.◦2 122.◦5±8.◦3 AGB stars
Nikolaev et al. (2004) 30.◦7±1.◦1 151.◦0±2.◦4 Cepheids
Persson et al. (2004) 27.◦0±6.◦0 127◦±10◦ Cepheids
Haschke et al. (2012a) 32◦±4◦ 115◦±15◦ OGLE-III CCs
van der Marel and Kallivayalil (2014) 26.◦2±5.◦9 154.◦5±2.◦1 PM + young pop. LOS velocity
Other tracers
Reference i P.A. Data
Koerwer (2009) 23.◦5±0.◦4 154.◦6±1.◦2 Red clump
Subramanian and Subramaniam (2010) 23.◦0±0.◦8 163.◦6±1.◦5 OGLE-III RR Lyr
Subramanian and Subramaniam (2010) 37.◦4±2.◦3 141.◦2±3.◦7 MCPS data
Rubele et al. (2012) 26.◦2±2.◦0 129.◦1±13.◦0 VMC data
Haschke et al. (2012a) 32◦±4◦ 116◦±18◦ OGLE-III RR Lyr
Subramanian and Subramaniam (2013) 25.◦7±1.◦6 141.◦5±4.◦5 Red clump outer disk (r > 3◦)
van der Marel and Kallivayalil (2014) 39.◦6±4.◦5 147.◦4±10.◦0 Proper motion (PM) data
van der Marel and Kallivayalil (2014) 34.◦0±7.◦0 139.◦1±4.◦1 PM + old pop. LOS velocity
Deb and Singh (2014) 24.◦20 176.◦01 OGLE-III RR Lyr (ellipsoid)
Deb and Singh (2014) 36.◦43 149.◦08 OGLE-III RR Lyr (plane)
The fit to the northern arm Cepheids reveals a different nature of this distri-
bution. Both the inclination and position angle are inconsistent with the literature
within 3σ errors. The angle between the best-fit planes for the LMC disk and the
northern arm is about 40◦ . The c parameter indicates that the northern arm is
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shifted by up to −0.463±0.170 kpc (significant within 3σ errors) with respect to
the LMC center and thus it is located closer to us. This is consistent with conclu-
sions from previous sections.
Table 7 presents a comparison of our results with values from the literature.
The inclination and position angle for the whole LMC sample are consistent with
most of the results for young stars within the errors, although i is the lowest of all
from Cepheid and young population studies. On the contrary, the P.A. is well corre-
lated with higher values. Surprisingly, there is a significant difference between our
results based the on the OGLE-IV data, and results of Haschke et al. (2012a) who
used the OGLE-III Cepheids. As was already mentioned, the OGLE-III collection
of CCs did not contain most of the the northern arm and the southern structures.
This would indicate that the fit to the OGLE-III data should yield similar results
as our bar-only sample. The case is totally opposite – our inclination angle for
the bar only is much lower than that of Haschke et al. (2012a), while the P.A. is
much higher. To check their i and P.A. values we selected a similar sample from
our data. We picked the F-mode Cepheids located in OGLE-IV fields coinciding
with OGLE-III fields. Our fitting procedure resulted in values very similar to those
obtained for the entire LMC OGLE-IV Cepheid sample.
Results presented in this paper are also consistent with the parameter values for
the intermediate-age and older stellar populations (the second part of Table 7).
5. The Small Magellanic Cloud
5.1. Three-Dimensional Structure
The three-dimensional structure of the SMC is shown in Fig. 2. The galaxy
is elongated almost along the line of sight and its longitudinal dimension (along
the z axis) is about 4–5 times greater than transverse dimensions in both x and y
coordinates. This is perfectly consistent with the latest findings by Scowcroft et al.
(2016). The SMC shape is best described as an extended ellipsoid with additional
off-axis structures that are also ellipsoidal. Note that the Wing is not clearly visible
in our data although in Figs. 2 and 3 we do see some Cepheids located in that area.
On the other hand, CCs are distributed all around the SMC.
To show the change of shape of the SMC with increasing distance we have per-
formed the distance tomography. Fig. 12 shows sections of this galaxy in different
distance intervals. The closest part of the SMC (d < 59 kpc) has a round shape
on the sky. The farther we look the less symmetrical it becomes. Moreover, the
Cepheids seem to move away from the dynamical center of the SMC, marked with
a white circle, to the south-western direction.
The second and the third map in the top row reveal an additional substructure
located in the north, that fades at a distance of about 65 kpc. At a similar dis-
tance range another substructure appears in the south-west and is best visible on
the second and the third map in the bottom row.
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Fig. 12. Distance tomography of the SMC in the Hammer projection. Note that the distance intervals
are, starting from the upper left, 9, 3, 2, 2, 3, 13 kpc. White circle marks the SMC center (Stanimirovic´
et al. 2004).
To better visualize the SMC subtle structures we binned the data both in the
Hammer projection and in the Cartesian space projections. The top map in Fig. 13
shows the on-sky projection of the binned data with stellar density contours over-
plotted. Interestingly, the higher density contours omit the dynamical SMC center.
We can see that the SMC is actually heart-shaped with a curved tail in its south-
western part. The top of the “heart” also suggests the existence of an additional
substructure. This part and the tail in the south-west were not clearly visible it the
OGLE-III Cepheid data (compare with Fig. 1 from Haschke et al. 2012b).
The bottom set of three maps in Fig. 13 shows Cepheid density in the Cartesian
space (see figure caption for a full description). The bottom left map, in the xy
plane, resembles the map with the Hammer projection although the contours are
more smooth and the additional structures are not clearly visible. The projection
on the xz plane does not show any evident substructures. The densest region of the
SMC is located farther than the mean galaxy distance and falls between distances
62–70 kpc. The yz plane yields a more compelling evidence for the existence of the
northern substructure, situated in the closer part of the SMC. Fig. 2 from Haschke
et al. (2012b) shows that this substructure was not clearly visible in the OGLE-III
Cepheid data, although it somewhat emerges in their Fig. 3.
5.2. Ages
We estimated ages of Cepheids in the SMC using the period–age relations from
Bono et al. (2005) for a constant metallicity Z = 0.004. We again assumed that
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Fig. 13. Cepheid density in the SMC with Cepheid column density contours. Top map: Map in the
Hammer projection. The bin size is 0.0001 in units of Hammer projection coordinates xHammer and
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xy plane are 50, 200, 500, 1000, 1700, 2500, 3500, on the xz plane 50, 100, 200, 300, 400, 500, 650
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center (Graczyk et al. 2014, Stanimirovic´ et al. 2004).
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there is no metallicity gradient in the SMC, which is supported by recent studies
(Cioni 2009, Parisi et al. 2009, Deb and Singh 2014). However, some suggest that
the SMC may have a low metallicity gradient (Carrera et al. 2008, Kapakos and
Hatzidimitriou 2012, Dobbie 2014), and if this was the case, it may have some-
what influenced our age estimates. Romaniello et al. (2008) found a metallicity
spread ∆[Fe/H] ≈ 0.2 dex for 12 Cepheids in this galaxy. This would translate to
a metallicity range of Z ∈ (0.003,0.005) . We made a rough estimate by interpolat-
ing PA relations from Bono et al. (2005) and found that such a spread in metallicity
would introduce differences in age calculations at the level of up to ∼10% for
first-overtone, and up to ≈ 6% for fundamental mode pulsators.
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Fig. 14. Age tomography of the SMC using the relation from Bono et al. (2005) for a constant
metallicity Z = 0.004. The maps are in the Hammer projection. Note that the first panel shows an
interval of 90 Myr, last – 278 Myr, the other ones – 40 Myr. White circle marks the SMC center
(Stanimirovic´ et al. 2004).
In Fig. 14 we show the on-sky view of Cepheids in different age intervals. The
age range is larger than in the LMC, which means that the SMC CCs population
is older than that of the LMC. Young and intermediate age Cepheids form simi-
lar structures, although young stars are more concentrated in the north than older
stars (second map in the top row). The older the Cepheids the more they concen-
trate in the south-western parts of the SMC (second map in the bottom row). The
oldest stars in our sample are rather evenly spread and do not form any obvious
structures. Our Cepheid age-tomography matches well with Fig. 13 from Rubele
et al. (2015) where the star formation rates (SFRs) for the VMC data are shown.
Recently formed stars have a “heart-like” structure while the older ones are more
uniformly distributed.
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The differences in the distribution of younger and older stars are even better
visible in Fig. 15. The maps show Cartesian space projections and the transfor-
mation is rotated so that the z axis is pointing toward the SMC center. Cepheids
are divided into two groups: younger than 150 Myr and older than 150 Myr. The
former group is represented with red dots and the latter with blue dots. We clearly
see that younger Cepheids are located mainly in the closer part of this galaxy while
the older ones are distinctly farther.
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Fig. 15. Three-dimensional map of the CCs in the SMC in Cartesian coordinates with the z axis
pointing toward the SMC center. Red dots represent Cepheids younger than 150 Myr and blue dots
stand for Cepheids in the age interval of 150–300 Myr. White circle marks the SMC center (Graczyk
et al. 2014, Stanimirovic´ et al. 2004).
5.3. Substructures
In order to investigate the structure of the SMC in more detail we selected two
subregions and named them south-western and northern region. The selected areas
are shown in Fig. 16. The substructures are also visible in Fig. 12. The northern
one is best visualized in the second and third top panels and also in the first bottom
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panel. The south-western region emerges in the first bottom panel and is even more
clear in the following panels. We see that the south-western region is located in the
more distant half of the SMC while the northern region is in the closer part of this
galaxy. The latter is consistent with Subramanian and Subramaniam (2012) who
stated that the north-eastern part of the SMC is located closer to us, based on red
clump and RR Lyr stars. Both substructures are distinct on the three-dimensional
SMC maps as well as on the contour maps.
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Fig. 16. Three-dimensional map of the CCs in the SMC in Cartesian coordinates with the z axis
pointing toward the SMC center. The map shows selected areas for the south-western and northern
regions marked with blue line and dots, and red line and dots, respectively. White circle marks the
SMC center (Graczyk et al. 2014, Stanimirovic´ et al. 2004).
Table 8 lists median distances and ages of the SMC and its substructures, to-
gether with standard deviations and sample numbers. Fig. 17 shows distance and
age distributions for the whole SMC as compared with its two substructures (left
panels) and with the LMC (right panels). We again see that the south-western struc-
ture is situated in the farther half of the SMC while the northern region is situated
closer. The bottom left panel also reveals that the latter is younger than the for-
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T a b l e 8
Characteristics of the SMC substructures
Substructure 〈dist〉 [kpc] σdist [kpc] 〈age〉 [Myr] σage [Myr] N
All Cepheids 64.62 4.95 193 89 4654
Northern Structure 59.90 3.00 152 84 868
South-Western Structure 70.18 4.44 233 88 525
Table lists median distance and age together with standard deviations, and a number of
stars in each substructure.
mer and the KS test results (Table 9) reject the hypothesis of samples coming from
the same distributions at significance level α = 0.001. This is also consistent with
our conclusions from Section 5.2, i.e., that the SMC closest parts were formed later
than its more distant areas.
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T a b l e 9
Kolmogorov-Smirnov test results in the SMC
DISTANCE AGE
Sample 1 Sample 2 D p-value α∗ D p-value α∗
all northern 0.471 0.000 0.001 0.168 0.000 0.001
all south-western 0.460 0.000 0.001 0.200 0.000 0.001
northern south-western 0.839 0.000 0.001 0.334 0.000 0.001
∗α is a significance level at which a null hypothesis that the two samples come from the
same distribution can be rejected.
The right panels illustrate differences between the LMC and the SMC. The top
panel shows that both galaxies have Gaussian-like distance distributions although
the SMC has a bump on the left side of the maximum. The age histogram in the
bottom panel shows that the LMC Cepheids are on average significantly younger
than the SMC objects. The oldest LMC Cepheids are ≈ 390 Myr old, while the
oldest SMC stars are ≈ 540 Myr old.
The SMC must have had two epochs of star formation. It is reflected in its
bimodal Cepheid age distribution. The younger bump has its maximum close to
the LMC peak ages (around 110 Myr) while the second bump is at the age of
about 220 Myr. The two SMC peaks are separated by the local minimum at about
150 Myr. Fig. 15 shows differences in their spatial distribution, i.e., the youngest
Cepheids are closer to us than the older ones.
The two-peak nature of the age distribution in the SMC was also detected by
Subramanian and Subramaniam (2015). Their Fig. 9 is very similar to ours in the
context of the maxima, the peak separation and the age range. The spatial dis-
tribution of different-age Cepheids is consistent in both studies (see Fig. 10 from
Subramanian and Subramaniam 2015 and Fig. 14 in this work), even though Sub-
ramanian and Subramaniam (2015) used the period–age–color relations from Bono
et al. (2005) for dereddened data, while we used the simpler period–age relation.
On the other hand, there is only one episode of extensive Cepheid formation
in the LMC, coincident with the younger SMC bump, followed by a slow decline
toward older ages. This shows that Clouds had a different Cepheid formation his-
tory, possibly with a common episode. At the same time it does not mean that the
Clouds had a different SFH, since we only concentrate on CCs in this paper. More-
over, because the SMC has lower metallicity than LMC, the Cepheids in the former
galaxy may be more massive and thus older.
6. The Magellanic Bridge
From our initial sample of Cepheids in the Magellanic System we decided to
classify nine as the Magellanic Bridge objects. Their parameters are listed in Ta-
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ble 10. We provide Cepheids’ ID from the OGLE Collection of Variable Stars
along with the local ID that we use in this work (M1, . . . ,M9), pulsation period P ,
I- and V-band magnitudes, equatorial coordinates for epoch J2000.0, distance d
and estimated age. The distance uncertainty does not include the mean LMC dis-
tance uncertainty (from Pietrzyn´ski et al. 2013 dLMC = 49.97±0.19 (statistical)±
1.11 (systematic) kpc). The list contains four fundamental-mode Cepheids, four
first-overtone pulsators and one double-mode oscillator (1O2O) for which we ana-
lyzed its lowest mode (1O).
T a b l e 10
Magellanic Bridge Cepheids
P. mode OCVS ID
Loc. ID P [d] I [mag] V [mag] RA Dec d [kpc](a) Age [Myr]
F
OGLE-SMC-CEP-4956
M1 1.1162345 17.372 17.930 3h23m24.s90 −74◦58′07.′′3 72.11±2.01 283±58
OGLE-SMC-CEP-4957
M2 1.4300017 17.376 18.112 3h43m04.s54 −76◦56′02.′′6 74.61±2.08 232±48
OGLE-LMC-CEP-3376(⋆)
M3 1.1589986 15.892 16.350 4h01m38.s02 −69◦28′40.′′5 40.13±1.12 275±56
OGLE-SMC-CEP-4953(⋆)(b)
M4 21.3856946 12.967 13.821 2h20m49.s46 −73◦05′08.′′3 53.93±1.50 27±5
1O
OGLE-SMC-CEP-4955(⋆)
M5 2.0308924 15.675 16.281 2h42m28.s88 −74◦43′17.′′6 60.04±1.65 120±19
OGLE-LMC-CEP-3377(⋆)
M6 3.2144344 14.629 15.291 4h04m28.s88 −75◦04′47.′′1 48.76±1.34 73±12
OGLE-SMC-CEP-4952
M7 1.6414839 16.901 17.535 2h04m09.s38 −77◦04′38.′′4 89.51±2.46 151±24
OGLE-SMC-CEP-4954
M8 0.8883941 17.156 17.512 2h21m28.s45 −65◦45′22.′′4 80.71±2.22 291±47
1O2O OGLE-SMC-CEP-4951
(⋆)
M9 0.7170500 16.769 17.222 2h02m33.s88 −75◦30′48.′′0 54.44±1.50 366±59
(⋆)These stars form a continuous-like connection between the Magellanic Clouds. (a) The distance uncer-
tainty does not include the mean LMC distance uncertainty from Pietrzyn´ski et al. (2013) dLMC = 49.97±
0.19 (statistical)± 1.11 (systematic) kpc. (b) The OGLE-IV Collection of Classical Cepheids provides only
the V-band magnitude for this object. The star is saturated on the standard OGLE-IV I-band reference image.
Presented here I-band magnitude and more accurate period determination comes from dedicated re-reduction of
the OGLE images.
Soszyn´ski et al. (2015) classified five Cepheids as MBR objects. Our Bridge
sample contains four more objects than their sample, which is not surprising, as our
classification was based not only on the on-sky projected locations of the Cepheids
(see Fig. 18), but also on their three-dimensional distribution (see Fig. 19). Even
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so one can argue about the classification of M9 Cepheid. This object is close to
the whole SMC sample and could be assigned to the SMC Wing. Nevertheless, we
believe that this object is connecting the SMC Wing with the Bridge and may as
well be classified as a Bridge Cepheid.
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Fig. 18. CCs in the Magellanic Bridge area over the spatial density map of the Young Population
stars from Skowron et al. (2014). Labels M1–M9 represent the Cepheids’ local IDs from Table 7.
The map is represented in a Hammer equal-area projection centered at αcen = 3h18m , δcen =−70◦ .
The color-coded value of each “pixel” is a logarithm of the number of stars per square degree area,
while each “pixel” area is ≈ 0.335 square degrees. Light green contours mark neutral hydrogen (HI)
emission integrated over the velocity range 80 < v < 400 km/s, where each contour represents the
HI column density twice as large as the neighboring contour. HI column densities are in the range
1020−4×1021 cm−2 . Data were taken from the LAB survey of Galactic HI (Kalberla et al. 2005).
Fig. 18 shows the location of our Cepheids with respect to the HI density con-
tours (Kalberla et al. 2005) and the young stellar population discovered by Skowron
et al. (2014). Almost all Cepheids’ locations are well correlated with the HI con-
tours and with the young stellar population space density distribution. Especially
M4, which is also the youngest Cepheid in our MBR sample, is located in one of
the densest young population regions from Skowron et al. (2014) near the SMC.
Skowron et al. (2014) showed that there exists a continuous connection between
the two Magellanic Clouds built up of the young stars (age < 1 Gyr). The on-sky
distribution of Bridge Cepheids also forms a continuous connection and adds to
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the overall distribution of the young population. These are Cepheids named M6,
M1, M5, M4, M9 (see Fig. 18). If we look at their three-dimensional distribution
in Fig. 19, they fall along a line between the Clouds in the xy plane. The xz and
yz planes show that M6, M5, M4 and M9 indeed form a connection between the
Clouds. M3 may also contribute to this structure. On the other hand, M1 and M2
lie significantly farther. Moreover, they are located in the outskirts of the young
population density contours from Skowron et al. (2014) which may indicate their
different origin. Similarly, M7 and M8 are located even farther from both Clouds
and also far from the young population density contours, thus they do not belong to
the genuine Bridge population. These two Cepheids may contribute to the Counter
Bridge predicted in numerical simulations (Diaz and Bekki 2012). We discuss this
in details in Section 7.
The Cepheids in the Magellanic Bridge are very spread along the line of sight.
The closest star (M3) is located at d ≈ 40 kpc thus it is closer to us than any
LMC Cepheid. The farthest (M7) is at almost 90 kpc and this is farther than any
SMC Cepheid. This again shows that not all MBR Cepheids form a continuous
connection between the Clouds, and rises a question about their origin and how
they got to their current location. On the other hand, we do observe stars located
far from the LMC and SMC all around these galaxies (i.e., see the LMC Cepheid
at α ≈ 5h30m , δ ≈ −56◦ or SMC Cepheid at α ≈ 23h30m , δ ≈ −68◦ in Fig. 3).
These objects were probably ejected from the galaxies in random directions. Some
of our MBR Cepheids may belong to the outliers population.
The ages of Bridge Cepheids were again calculated using the period–age rela-
tion from Bono et al. (2005). There are different relations for different metallicities.
In the case of the Bridge the gas metallicity is about ZMBR ≈ 0.1 Z⊙ (Lehner et al.
2008) or slightly higher (−0.5 < log(ZMBR/Z⊙) < −1 from Misawa et al. 2009,
although this was measured along the line of sight in an area that is possibly not
mixed with metal-poor gas, as it is in other regions of the Bridge). Moreover, the 0.1
solar metallicity in the MBR is consistent with the Magellanic Stream metallicity
(Fox et al. 2013). Thus we can assume ZMBR = 0.002 for the Bridge Cepheids (if
we first assume that they were formed in-situ). Note that Bono et al. (2005) do not
provide the period–age relation for this metallicity – the lowest value is Z = 0.004
(typical for the SMC). We therefore use this relation for the MBR Cepheids, keep-
ing in mind that it is just a rough estimate.
The youngest Cepheid is M4 and its age estimate is 27 Myr. Its location is well
correlated with the young population density contours from Skowron et al. (2014).
This star was probably formed together with other young stars in the Bridge. An-
other young Cepheid is M6 and its age estimate is 74 Myr. This star is located at a
distance close to the mean LMC distance and is ≈ 7.1 kpc from the center of the
LMC, which is much farther than any other LMC Cepheid. The oldest Cepheid is
M9 and it is ≈ 370 Myr old. This star is located fairly close to the SMC Wing
and may be classified as the Wing object. Two Cepheids are aged between 100–
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Fig. 19. Three-dimensional map of CCs in the Magellanic Bridge in Cartesian coordinates with
the z axis pointing toward αcen = 3h20m , δcen = −72◦ . Blue dots represent the LMC, green dots
SMC and the large dark teal dots – the MBR. Labels M1–M9 represent the Cepheids’ local IDs from
Table 7. Red cross stands for the observer’s location. White circle marks the LMC (Pietrzyn´ski et al.
2013, van der Marel and Kallivayalil 2014) and SMC (Graczyk et al. 2014, Stanimirovic´ et al. 2004)
centers.
200 Myr. One of them is the farthest one – M7, which is about 150 Myr old. The
other four Cepheids are in the ages range 200–300 Myr. One of them is the closest
object, the other three are located at distances 72–81 kpc.
7. Discussion
7.1. Three-Dimensional Structure and Substructures: the LMC
The LMC has a bar that is thought to be offset from the center of this galaxy
by about 0.5 kpc. First suggestions that the bar may not be aligned with the disk
plane were based on the microlensing events (Zhao and Evans 2000). The offset of
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about 0.5 kpc was measured and used in many studies (e.g., Nikolaev et al. 2004,
Subramanian and Subramaniam 2013, van der Marel and Kallivayalil 2014). The
offset had also been predicted by numerical models, e.g., Bekki (2009) concludes
that it is not the bar that is offset but the entire disk population. Besla et al. (2012)
had reproduced not only the off-center bar but also the spiral structure of the LMC
with one arm.
In this work we redefine the idea of the LMC bar. By examining the distance
and age distributions of the central parts of the LMC we argue that the bar com-
prises of not only the central-eastern region considered to be the “classical” bar, but
also of the western region, as shown in Fig. 7. In the distance and age regime both
parts are continuously connected, making the homogeneous, though asymmetrical,
structure. The redefinition of the bar moves the dynamical center of the LMC to
the center of the bar.
The mean distance of the redefined bar is close to the mean LMC distance and
we do not observe any significant offset. That is not consistent with the value of
0.5 kpc from the literature, and the reason may be a different definition of the bar
region (see Fig. 14 in Nikolaev et al. 2004, Fig. 2 in Subramaniam and Subramanian
2009 and Figs. 1 and 7 in Haschke et al. 2012a – bar areas are consistent with our
eastern part of the bar from Fig. 7). However, if we use the “classical” LMC bar,
we still do not see a significant offset from the galaxy center (the “classical” bar is
located closer to us by only ≈ 0.07 kpc), contrary to the cited studies.
We fitted a plane to the entire Cepheid population in the LMC as well as to
its substructures. The whole LMC sample shows no offset along the line of sight
as compared to the mean LMC distance from Pietrzyn´ski et al. (2013) and that is
expected from a correct fitting procedure. The obtained inclination and position
angles are consistent with values from the literature (see Table 7). The rms of our
fit is about 1.5 kpc, which is partly a “natural spread” of the method described
in Section 3, and partly a contribution of the extra-planar features of the LMC.
Nikolaev et al. (2004) found that the disk is warped, with a distortion amplitude
& 0.3 kpc. This warp explains high χ2/dof values for planar disk in our fits. On
the other hand, Subramanian and Subramaniam (2013) found that the disk can be
divided into two differently inclined parts – the inner and the outer – separated at
the radial distance from the LMC center of 3◦ . The inner disk would be more
warped than the outer. They also concluded that the bar is offset but is still a
co-planar feature. They classified structures as extra-planar if their deviation is
> 1.5 kpc. Olsen and Salyk (2002) had previously identified warps in the disk in
similar locations. The detailed modeling of the extraplanar features of the LMC
disk is beyond the scope of this paper.
We also fitted a plane to Cepheids in the redefined bar and found a small offset
of about −0.09 kpc from the mean LMC distance which is statistically insignifi-
cant within 3σ uncertainty. We are aware that fitting a plane to the bar is not the
best approach because of the nonplanar nature of this structure. Nikolaev et al.
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(2004) suggest caution when deriving parameters such as viewing angles for the
inner LMC structures. Also Subramanian and Subramaniam (2013) stated that the
structure of the bar is not smooth and some of its parts are located closer to us than
other.
Interestingly, when fitting a plane to the northern arm sample we found an off-
set of about −0.48 kpc. This means that the arm is located closer to us than the
whole LMC. Moreover, the arm lies in a different plane (has different inclination
and position angle) than the whole LMC sample and this result is statistically sig-
nificant.
The OGLE-IV CCs data set clearly shows the bar and the main northern arm
of the LMC. We also tried to localize less prominent structures in other parts of
this galaxy. In the north we identified an additional small spiral arm (NA2, see
Section 4.3). This finding is consistent with the latest results from Besla et al.
(2016) who analyzed deep optical images of the LMC and identified multiple spiral
arms. Both structures are at precisely the same location – compare our northern
arm 2 in Fig. 7 with multiple spiral arms in Fig. 3 from Besla et al. (2016). The
structures that we see in the southern part of the LMC are not as prominent and do
not form a spiral arm, which is also consistent with conclusions from Besla et al.
(2016). However, it does not exclude the possibility that there exists a sparse spiral
arm connected with the south-eastern part of the bar which is not clearly visible in
the CCs distribution.
We compare our results to those obtained by Haschke et al. (2012a) from the
OGLE-III Cepheid data. What is striking – the distances they derived are substan-
tially larger than ours. Cepheid distances fall in the range of 44–56 kpc in this work,
and 45–60 kpc in the work of Haschke et al. (2012a). This discrepancy is also re-
flected in their mean LMC distance of 53.9±1.8 kpc which is not consistent with
the literature (as highlighted by de Grijs et al. 2014). The method of determining
distances was similar in both studies, but we used a reddening-free Wesenheit index
and determined distances relative to the most accurate LMC distance measurement
(Pietrzyn´ski et al. 2013), while Haschke et al. (2012a) calculated absolute distances
based on the I- and V-band magnitudes corrected for extinction. Thus the problem
could lie in the dereddening method or the reddening maps used, as also suggested
by de Grijs et al. (2014).
It is also worth noting that the OGLE-III collection of Cepheids in the LMC
used by Haschke et al. (2012a) did not include the northern arm and some of the
southern parts of this galaxy. For comparison see the lower-right panel in Fig. 12
of Moretti et al. (2014) where they compare the OGLE-III CCs with the EROS-2
data. Nevertheless, the results that did not include the northern arm should also
be consistent with ours, since the northern arm is closer to us than the rest of the
galaxy, while the southern parts are at approximately the same distance.
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7.2. Three-Dimensional Structure and Substructures: the SMC
We find that the SMC is extremely elongated almost along the line of sight.
Its size along the z Cartesian axis is about 4–5 times larger than along the x and y
axes. This is consistent with the latest structural analysis of the SMC performed by
Scowcroft et al. (2016), based on mid-infrared Spitzer data for 92 Cepheids. The
comparison of Fig. 6 in Scowcroft et al. (2016) with our Fig. 15 or 16 shows a
similar spread along each of the axes, although the substructures are only visible in
the OGLE-IV data, as the sample is about 50 times more numerous.
We agree with Scowcroft et al. (2016) that the standard parameters such as the
inclination and position angle are not adequate for describing a galaxy with such
an elongated shape, even though such parameters were determined in many studies
(e.g., Stanimirovic´ et al. 2004, Subramanian and Subramaniam 2012, Haschke et
al. 2012b, Subramanian and Subramaniam 2015). Scowcroft et al. (2016) claim
that the shape of the SMC can be best characterized as a cylinder. We would rather
describe it as a tri-axial elongated ellipsoid, although the existence of the “off-axis”
structures makes it even more complicated and separate fits for the main body and
the substructures might be necessary (see Fig. 16).
We would expect our results to be coherent with those of Haschke et al. (2012b),
based on the OGLE-III CCs catalog, as the number of Cepheids is similar and the
main body of the SMC is clearly visible in both data sets (Fig. 1 in Haschke et al.
2012b and Fig. 13 in this work). Any differences in conclusions would be a result
of different methods of distance determinations, as noted in Section 7.1. They ob-
tained the median distance to the SMC for the Cepheid sample of 63.1± 3.1 kpc
which is consistent with the literature (de Grijs and Bono 2015) and with the me-
dian SMC distance of 64.6±4.9 kpc derived from our sample.
However, the bottom map in Fig. 3 of Haschke et al. (2012b) suggests that
the SMC is not very elongated along the line of sight and rather has a disk-like
structure, although the spread in distances of about 30 kpc is consistent with our
results, so it is only an effect of the chosen projection. The difference is in the
distance range, which is about 50 kpc to 80 kpc in this study, and 45 kpc to 75 kpc
in Fig. 5 of Haschke et al. (2012b).
We also compare our results with those of Subramanian and Subramaniam
(2015), who analyzed Cepheids from the OGLE-III catalog. Their Fig. 7 shows
similar SMC geometry as our Fig. 15, although one has to keep in mind that the x
and y are swapped with respect to our plots, and the resolution is different for each
of their axes, which gives a false impression about the shape of this galaxy. Fig. 6
of Subramanian and Subramaniam (2015) shows the fitted plane along the axis of
the steepest gradient and the z axis. Note that here the scale of the z axis is 10 times
smaller than the scale of the axis of the steepest gradient, thus rising a question
about the relevance of such fit. The gradient they observe is rather an effect of the
northern substructure being closer to us (see Fig. 16 in this paper), than the SMC
having an inclined plane in the xy projection.
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Subramanian and Subramaniam (2015) also detected some extra-planar fea-
tures in their sample, under the assumption that there is an actual SMC plane. We
do not support this scenario, as we show that there is no SMC plane as such, and
the galaxy can be described as a tri-axial ellipsoid, elongated along the z axis. In
this case, the reported extra-planar features would simply be parts of the main body
of the SMC or one of the substructures shown in Fig. 16.
7.3. LMC-SMC Interactions and the Magellanic Bridge
The OGLE-IV Cepheid data show that the Magellanic Clouds are rotated to-
ward each other (see Fig. 2). In fact, the closest SMC Cepheids are at similar
distances as the farthest LMC objects in our sample. Moreover, the Clouds’ closest
on-sky locations are also the closest in the sense of distances and three-dimensional
distribution. That is perfectly consistent with Scowcroft et al. (2016).
The collision model by Besla et al. (2012) predicts that the Clouds had a
close interaction about 200–300 Myr ago (see Gardiner et al. 1994, Gardiner and
Noguchi 1996, Ru˚žicˇka et al. 2010, Diaz and Bekki 2012). Both galaxies should
have trails due to such interaction. It is also possible that the co-rotation of the Mag-
ellanic Clouds has the same origin (Scowcroft et al. 2016). Fig. 10 in Scowcroft
et al. (2016) shows the predicted SMC spheroid distribution (a model by Diaz and
Bekki 2012) along with the analyzed Cepheids. We compare it to our xz projection
in Fig. 16 where the z axis is along the distance and the x axis – along the right
ascension (for this comparison see Fig. 6 in Scowcroft et al. 2016). We see that our
Cepheids extend even farther but still along the gradient predicted by the model.
A model by Besla et al. (2012) predicts that there should exist a stellar coun-
terpart to the gaseous Magellanic Bridge, in the area between the Clouds. It should
mainly consist of a young population of stars formed in-situ. Such young stars were
already observed in the MBR (Irwin et al. 1985, Demers and Battinelli 1998, Har-
ris 2007, Nöel et al. 2013, 2015, Skowron et al. 2014), as well as intermediate-age
stars (Nöel et al. 2013, 2015) and older population candidates (Bagheri et al. 2013).
Moreover, Skowron et al. (2014) showed that there is a continuous connection be-
tween the two Clouds made of young stars (ages < 1 Gyr). According to Besla et
al. (2012), the stars in the Bridge should follow the Clouds past trajectories.
In Fig. 18 we compared the OGLE-IV Cepheid locations in the Bridge with
the young stellar stream from Skowron et al. (2014). The on-sky locations are
well correlated – most of the Bridge Cepheids are situated within the contours of
young population column densities. However, Fig. 19 shows that only five of nine
stars from our sample form a coherent structure in three-dimensions. This raises
questions about origin of the other four Cepheids and makes an important constraint
for numerical models of the Magellanic Clouds interactions. On the other hand,
these Cepheids may be the LMC or SMC outliers ejected from these galaxies in
random directions that we now observe in the Bridge area.
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Moreover, ages of our Bridge Cepheids are compatible with the assumption that
the Bridge was created during the last interaction of the Clouds (e.g., Gardiner et
al. 1994, Gardiner and Noguchi 1996, Ru˚žicˇka et al. 2010, Diaz and Bekki 2012,
Besla et al. 2012). Models predict that this interaction happened 200–300 Myr
ago and most of our Cepheids are younger than that. This indicates that they were
formed outside of the Clouds – in the Bridge.
Diaz and Bekki (2012) model predicts not only the existence of the Magellanic
Bridge but also another structure, that they named the Counter Bridge. It is a tidal
feature of the same origin as the “classical” Bridge. The model reveals it as a dense
and clearly defined stream that extends away from the SMC up to the distances of
about 85 kpc. Authors conclude that the location of the Counter Bridge may cause
higher levels of optical depth in the SMC and especially in its north-eastern parts.
Because of the significant SMC elongation along the line of sight, the farthest stars
belonging to the SMC population may be mixed with the unbound stars that should
be properly classified as Counter Bridge objects.
Nidever et al. (2013) discovered a distance bimodality in the eastern SMC us-
ing red clump stars, but mean distances of both components were too low to be a
stellar counterpart of the Counter Bridge, although the authors argue, that the closer
structure located in front of the main SMC body forms a connection between the
Magellanic Bridge and the SMC.
Subramanian and Subramaniam (2015) claim to have detected the stellar coun-
terpart of the Counter Bridge. They have classified it based on the fitted plane and
the extra-planar structures that they discovered in front of as well as behind the
plane (see Figs. 7 and 14 in Subramanian and Subramaniam 2015). As we previ-
ously argued, the plane fitting in the case of the SMC is illegitimate, making the
claims about the stellar part of the Counter Bridge an overstatement.
However, if the Counter Bridge was visible in the OGLE-III data set (analyzed
by Subramanian and Subramaniam 2015) it should also be detectable in our sample.
Fig. 2 shows all the fundamental-mode and first-overtone CCs from the OGLE Col-
lection of Variable Stars, many of which are much farther (or closer) than the mean
SMC distance, and these are marked with gray dots. These stars were classified
as outliers from the P-L relation and removed from our sample in further analysis.
While most of them are blends, we cannot rule out the possibility that some of these
stars may by candidates for the Counter Bridge population (distances > 80 kpc),
especially that two genuine Bridge Cepheids are located near or farther than 80 kpc.
Diaz and Bekki (2012) concluded that the Counter Bridge stars may mix with
the SMC population. If this is the case, then it is possible that we observe the
Counter Bridge as a stellar structure but we are unable to separate it from the SMC
sample.
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7.4. Ages
Indu and Subramaniam (2011) suggested that the LMC perigalactic passage
about 200 Myr ago pulled out the HI to the north of this galaxy. Because of the
LMC’s motion through the Galaxy halo the star-forming processes began. One of
the SFR peaks that they detected is at about 90–100 Myr, which coincides with the
age peak for the LMC Cepheids in our sample at 104 Myr. Harris and Zaritsky
(2009) also detected a peak in the age distribution in the LMC around 100 Myr,
although there are different maxima in different parts of this galaxy – the SFH of
the LMC is not uniform. The peak at about 100 Myr is observed mainly in the bar,
and this is consistent with our results, as most of the Cepheids are located in the bar.
On the other hand, Joshi and Joshi (2014) detected an intensified SF episode about
125–250 Myr ago, which is slightly older than 100 Myr found in this analysis, but
is still consistent within errors. The difference is most probably due to different PA
relations used.
The bottom right panel of Fig. 17 also shows that the younger age peak of the
SMC at about 120 Myr correlates with the LMC peak, which suggests a common
SF episode. This result is consistent with Inno et al. (2015) who discovered that the
Clouds had an active SFH during the last 400 Myr and that there are age distribution
similarities between the two galaxies. Another common SF maxima in the Clouds
were already seen at 500 Myr and 2 Gyr (Harris and Zaritsky 2009).
In the case of the the SMC, Indu and Subramaniam (2011) detected the shift
in the center of the population of stars younger than 500 Myr in the north-east
direction. That is the direction toward the LMC. We also noticed that younger
stars from our sample tend to clump in the north. The authors also showed that the
rate of this shift changed at 200 Myr and was faster from that time on suggesting
this may be caused by the perigalactic passage of the Clouds and the Galaxy’s
gravitational attraction. This coincides with the second age maximum in the SMC
at about 220 Myr.
The age distributions of Cepheids in the OGLE-III data analyzed by Subra-
manian and Subramaniam (2015) and in our OGLE-IV sample are consistent. We
observe a very similar age distribution with two peaks and the age tomographies are
also alike (see Fig. 14 and Fig. 10 in Subramanian and Subramaniam 2015). The
analysis of SMC CCs by Joshi et al. (2016) showed a SF peak at 250± 50 Myr
which is consistent with our older Cepheid SF peak in this galaxy. They have also
detected a second peak at about 160 Myr in the eastern part of the SMC which is
consistent with our conclusion from Fig. 15, that the eastern part of this galaxy is
younger.
8. Conclusions
In this work we analyzed a total sample of 9418 fundamental-mode and first-
overtone CCs in the Magellanic System from the OGLE Collection of Classical
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Cepheids based on the OGLE-IV data (Udalski et al. 2015, Soszyn´ski et al. 2015).
We fitted the P-L relations to the data using the Wesenheit index for the I- and
V-band photometry. Fundamental-mode Cepheids with log P ≤ 0.4 were treated
separately. The best fits for the Wesenheit, the I- and V-band magnitudes are pre-
sented, for both the LMC and SMC.
We calculated relative distances to each Cepheid using the reddening-free We-
senheit index and the most accurate measurement of the mean LMC distance from
Pietrzyn´ski et al. (2013) as a reference. The results are presented on three-dimensio-
nal maps in the Hammer equal-area projection and in the Cartesian space.
The Cepheids in the LMC are present mainly in the bar and the northern arm.
Both structures, as well as the whole galaxy, are inclined such that the eastern parts
are closer to us. We fitted a plane to the LMC sample and obtained the inclination
and position angles of i = 24.◦2± 0.◦6 and P.A.= 151.◦4± 1.◦5 that are consistent
with the literature. The rms of our sample is 1.5 kpc and it reflects the significant
scatter of the sample along the line of sight.
The age distribution of the LMC Cepheids reveals one peak at about 100 Myr.
Younger Cepheids tend to be clumped in the bar and the northern arm, while older
stars are spread all over the LMC disk. The northern arm seems to be younger than
the bar that has a similar age distribution as the whole galaxy.
We redefined the LMC bar such that it spans almost the whole width of the
LMC. Both the classical bar (the central and eastern part of our bar) and the newly
added western part form one coherent structure that is clearly visible in Cepheid
density contours. Although the western part of the bar is less numerous the two
parts are connected both in their distance and age on-sky distributions. Moreover,
after the redefinition of the bar the dynamical center of the LMC is now located in
the center of the bar.
We separately fitted a plane to the bar Cepheids, despite the fact that this may
not be a proper physical model of the bar, although should yield a reasonable offset.
The offset for the new bar is consistent with that for the whole galaxy which means
that the bar is not located closer to us than the galaxy. On the other hand the
distance distributions show that the “classical” bar that we call the eastern bar also
is not offset from the LMC plane, contrary to previous studies.
The LMC northern spiral arm is a very prominent feature in the Cepheid distri-
bution. We fitted a plane to the northern arm and found that this structure is offset
from the whole LMC sample by about 0.5 kpc toward us, and lies in a different
plane described by i = 34.◦4±2.◦9 and P.A.= 123.◦8±3.◦8.
Our data does not reveal any other spiral arms in the central or southern parts
of this galaxy although we do see an additional spiral arm in the north. We suppose
that there may be another arm connected with the bar on its south-eastern side, but
there are too few Cepheids in that region to provide strong evidence.
The unusual elongation of the SMC is confirmed in this study. The SMC is
elongated almost along the line of sight and its longitudinal dimension is 4–5 times
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greater than the transverse dimension. The north-eastern part of the SMC is located
closer to us than its south-western part. Note that both Clouds are inclined toward
each other.
The age distribution of the SMC Cepheids reveals two peaks, one at about
100 Myr, which is very similar to the LMC peak, suggesting a common star for-
mation episode, that could be due to LMC-SMC interaction, and another one at
about 220 Myr. Moreover, younger and older Cepheids are differently distributed,
supporting this hypothesis – the former group is located in the closer part of this
galaxy, while the latter – in the farther.
The SMC shape may be described as an extended ellipsoid with two additional
prominent off-axis structures that are also ellipsoidal. One is located in the north of
the SMC and is closer that the SMC main body and significantly younger than the
other one, which is located in the south-western part of the SMC and hence farther.
The Wing of the SMC is not reflected in the Cepheid distribution, although
there are stars spread all over the galaxy and some of them in the eastern part
belonging to the Wing. Moreover, we see Cepheids at very large distances (≈
80 kpc), that may be a stellar counterpart to the Counter Bridge that is mixed with
the SMC population.
The on-sky locations of most of the nine Magellanic Bridge Cepheids are cor-
related with the young stellar population density contours. Moreover, they seem
to form a connection between the LMC and SMC. On the other hand, the three-
dimensional distribution of the Bridge CCs reveals that four of the nine objects are
located far from this connection, at very diverse distances – the closest one be-
ing closer to us than any of the LMC objects, and the farthest one farther than any
SMC Cepheid. This is an important constraint for models of the Magellanic Clouds
interactions.
All Bridge Cepheids except one have ages < 300 Myr which is consistent with
the time of MBR formation and indicates that these stars were born in-situ. The
oldest MBR Cepheid may be connected with the SMC Wing because of its nearby
location.
Acknowledgements. We would like to thank Profs. M. Kubiak and G. Pietrzyn´-
ski, former members of the OGLE team, for their contribution to the collection of
the OGLE photometric data over the past years. We thank the anonymous referee
for comments and suggestions that greatly improved this publication. A.M.J.-D.
is supported by the Polish Ministry of Science and Higher Education under “Dia-
mond Grant” No. 0148/DIA/2014/43. D.M.S. is supported by the Polish National
Science Center under the grant no. 2013/11/D/ST9/03445. I.S. is supported by
the Polish Ministry of Science and Higher Education through the program “Ideas
Plus” award No. IdP2012 000162. The OGLE project has received funding from
the National Science Center, Poland, grant MAESTRO 2014/14/A/ST9/00121 to
AU.
194 A. A.
REFERENCES
Bagheri, G., Cioni, M.-R.L., and Napiwotzki, R. 2013, A&A, 551, A78.
Barger, K.A., Haffner, L.M., and Bland-Hawthorn, J. 2013, ApJ, 771, 132.
Bauer, F., et al. (EROS collaboration) 1999, A&A, 348, 175.
Bekki, K. 2009, MNRAS, 393, L60.
Besla, G., Kallivayalil, N., Hernquist, L., van der Marel, R.P., Cox, T.J., and Kereš, D. 2010, ApJ,
721, L97.
Besla, G., Kallivayalil, N., Hernquist, L., van der Marel, R.P., Cox, T.J., and Kereš, D. 2012, MNRAS,
421, 2109.
Besla, G., Hernquist, L., and Loeb, A. 2013, MNRAS, 428, 2342.
Besla, G., Martinez-Delgado, D., van der Marel, R.P., Beletsky, Y., Seibert, M., Schlafly, E.F.,
Grebel, E.K., and Neyer, F. 2016, ApJ, 825, 20.
Bica, E.L.D., and Schmitt, H.R. 1995, ApJS, 101, 41.
Bica, E.L.D., Bonatto, C., Dutra, C.M., and Santos J.F.C. 2008, MNRAS, 389, 678.
Bica, E.L.D., Santiago, B., Bonatto, C., Garcia-Dias, R., Kerber, L., Dias, B., Barbuy, B., and
Balbinot, E. 2015, MNRAS, 453, 3190.
Bono, G., Marconi, M., Cassisi, S., Caputo, F., Gieren, W., and Pietrzyn´ski, G. 2005, ApJ, 621, 966.
Caldwell, J.A.R., and Coulson, I.M. 1986, MNRAS, 218, 223.
Carrera, R., Gallart, C., Aparicio, A., Costa, E., Méndez, R.A., and Nöel, N.E.D. 2008, AJ, 136, 1039.
Casetti-Dinescu, D.I., Bidin, C.M., Girard, T.M., Méndez, R.A., Vieira, K., Korchagin, V.I., and van
Altena, W.F. 2014, ApJ, 784, L37.
Cioni, M.-R.L., Habing, H.J., and Israel, F.P. 2000, A&A, 358, L9.
Cioni, M.-R.L. 2009, A&A, 506, 1137.
Connors, T.W., Kawata, D., and Gibson, B.K. 2006, MNRAS, 371, 108.
Deb, S., and Singh, H.P. 2014, MNRAS, 438, 2440.
Deb, S., Singh, H.P., Kumar, S., and Kanbur, S.M. 2015, MNRAS, 449, 2768.
de Grijs, R., Wicker, J.E., and Bono, G. 2014, ApJ, 147, 122.
de Grijs, R., and Bono, G. 2015, AJ, 149, 179.
Demers, S., and Battinelli, P. 1998, AJ, 115, 154.
Diaz, J.D., and Bekki, K. 2011, MNRAS, 413, 2015.
Diaz, J.D., and Bekki, K. 2012, ApJ, 750, 36.
Dobbie, P.D., Cole, A.A., Subramaniam, A., and Keller, S. 2014, MNRAS, 442, 1680.
Feast, M.W., Abedigamba, O.P., and Whitelock, P.A. 2010, MNRAS, 408, L76.
Fox, A.J., Wakker, B.P., Smoker, J.V., Richter, P., Savage, B.D., and Sembach, K.R. 2010, ApJ, 718,
1046.
Fox, A.J., Richter, P., Wakker, B.P., Lehner, N., Howk, J.C., Ben Bekhti, N., Bland-Hawthorn, J., and
Lucas, S. 2013, ApJ, 772, 110.
Gardiner, L.T., Sawa, T., and Fujimoto, M. 1994, MNRAS, 266, 567.
Gardiner, L.T., and Noguchi, M. 1996, MNRAS, 278, 191.
Graczyk, D., et al. 2014, ApJ, 780, 59.
Guglielmo, M., Lewis, G.F., and Bland-Hawthorn, J. 2014, MNRAS, 444, 1759.
Harris, J. 2007, ApJ, 658, 345.
Harris, J. and Zaritsky, D. 2009, ApJ, 138, 1243.
Haschke, R., Grebel, E.K., and Duffau, S. 2012a, AJ, 144, 106.
Haschke, R., Grebel, E.K., and Duffau, S. 2012b, AJ, 144, 107.
Hindman, J.V., Kerr, F.J., and McGee, R.X. 1963, Australian Journal of Physics, 16, 570.
Indu, G., and Subramaniam, A. 2011, A&A, 535, A115.
Indu, G., and Subramaniam, A. 2015, A&A, 573, A136.
Inno, L., et al. 2015, ASP Conf. Series, 491, 265.
Irwin, M.J., Kunkel, W.E., and Demers, S. 1985, Nature, 318, 160.
Joshi, Y.C., and Joshi, S. 2014, New Astronomy, 28, 27.
Vol. 66 195
Joshi, Y.C., Mohanty, A.P., and Joshi, S. 2016, Research in Astronomy and Astrophysics, 16, 9.
Kalberla, P.M.W., Burton, W.B., Hartmann, D., Arnal, E.M., Bajaja, E., Morras, R., and
Pöppel, W.G.L. 2005, A&A, 440, 775.
Kallivayalil, N., van der Marel, R.P., Alcock, C., Axelrod, T., Cook, K.H., Drake, A.J., and Geha, M.
2006a, ApJ, 638, 772.
Kallivayalil, N., van der Marel, R.P., and Alcock, C. 2006b, ApJ, 652, 1213.
Kallivayalil, N., van der Marel, R.P., Besla, G., Anderson, J., and Alcock, C. 2013, ApJ, 764, 161.
Kapakos, E., and Hatzidimitriou, D. 2012, MNRAS, 426, 2063.
Koerwer, J.F. 2009, AJ, 138, 1.
Laney, C.D., and Stobie, R.S. 1986, MNRAS, 222, 449.
Leavitt, H.S. 1908, Annals of Harvard College Observatory, 60, 87.
Lehner, N., Howk, J.C., Keenan, F.P., and Smoker, J.V. 2008, ApJ, 678, 219.
Madore, B.F. 1976, Royal Greenwich Observatory Bulletins, 182, 153.
McClure-Griffiths, N.M., et al. 2008, ApJ, 673, L143.
Misawa, T., Charlton, J.C., Kobulnicky, H.A., Wakker, B.P., and Bland-Hawthorn, J. 2009, ApJ, 695,
1382.
Moretti, M.I., et al. 2014, MNRAS, 437, 2702.
Nelder, J.A., and Mead R. 1965, Computer Journal, 7, 308.
Ngeow, C., Kanbur, S.M., Bhardwaj, A., and Singh, H.P. 2015, ApJ, 808, 67.
Nidever, D.L., Majewski, S.R., and Butler Burton, W. 2008, ApJ, 679, 432.
Nidever, D.L., Majewski, S.R., Butler Burton, W., and Nigra, L. 2010, ApJ, 723, 1618.
Nidever, D.L., Majewski, S.R., Muñoz, R.R., Beaton, R.L., Patterson, R.J., and Kunkel, W.E. 2011,
ApJ, 733, L10.
Nidever, D.L., Monachesi, A., Bell, E.F., Majewski, S.R., Muñoz, R.R., and Beaton, R.L. 2013, ApJ,
779, 145.
Nikolaev, S., Drake, A.J., Keller, S.C., Cook, K.H., Dalal, N., Griest, K., Welch, D.L., and
Kanbur, S.M. 2004, ApJ, 601, 260.
Nöel, N.E.D., Conn, B.C., Carrera, R., Read, I.J., Rix, H.-W., and Dolphin, A. 2013, ApJ, 768, 109.
Nöel, N.E.D., Conn, B.C., Read, I.J., Carrera, R., Dolphin, A., and Rix, H.-W. 2015, MNRAS, 452,
4222.
Olsen, K.A.G., and Salyk, C. 2002, AJ, 124, 2045.
Olsen, K.A.G., and Massey, P. 2007, ApJ, 656, L61.
Parisi, M.C., Grocholski, A.J., Geisler, D., Sarajedini, A., and Clariá, J.J. 2009, AJ, 138, 517.
Pejcha, O., and Stanek, K.Z. 2009, ApJ, 704, 1730.
Persson, S.E., Madore, B.F., Krzemin´ski, W., Freedman, W.L., Roth, M., and Murphy, D.C. 2004,
AJ, 128, 2239.
Piatti, A.E., de Grijs, R., Rubele, S., Cioni, M.-R.L., Ripepi, V., and Kerber, L. 2015, MNRAS, 450,
552.
Pietrzyn´ski, G., et al. 2013, Nature, 495, 76.
Ploeckinger, S., Hensler, G., Recchi, S., Mitchell, N., and Kroupa, P. 2014, MNRAS, 437, 3980.
Ploeckinger, S., Recchi, S., Hensler, G., and Kroupa, P. 2015, MNRAS, 447, 2512.
Putman, M.E., Staveley-Smith, L., Freeman, K.C., Gibson, B.K., and Barnes, D.G. 2003, ApJ, 586,
170.
Richter, P., Fox, A.J., Wakker, B.P., Lehner, N., Howk, J.C., Bland-Hawthorn, J., Ben Bekhti, N., and
Fechner, C. 2013, ApJ, 772, 111.
Romaniello, M., et al. 2008, A&A, 488, 731.
Rubele, S., et al. 2012, A&A, 537, A106.
Rubele, S., et al. 2015, MNRAS, 449, 639.
Ru˚žicˇka, A., Theis, C., and Palouš, J. 2009, ApJ, 691, 1807.
Ru˚žicˇka, A., Theis, C., and Palouš, J. 2010, ApJ, 725, 369.
Sandage, A., Tammann, G.A., and Reindl, B. 2009, A&A, 493, 471.
Schlegel, D.J., Finkbeiner, D. and Davis, M. 1998, ApJ, 500, 525.
196 A. A.
Scowcroft, V., Freedman, W.L., Madore, B.F., Monson, A., Persson, S.E., Rich, J., Seibert, M., and
Rigby, J.R. 2016, ApJ, 816, 49.
Sellke, T., Bayarri, M.J., and Berger, J.O. 2001, The American Statistician, 55, 1.
Shapley, H. 1940, Harvard College Observatory Bulletin, 914, 8.
Sharpee, B., Stark, M., Pritzl, B., Smith, H., Silbermann, N., Wilhelm, R., and Walker, A. 2002, AJ,
123, 3216.
Skowron, D.M., et al. 2014, ApJ, 795, 108.
Soszyn´ski, I., et al. 2008, Acta Astron., 58, 163.
Soszyn´ski, I., et al. 2010, Acta Astron., 60, 17.
Soszyn´ski, I., et al. 2015, Acta Astron., 65, 297.
Stanimirovic´, S., Staveley-Smith, L., and Jones, P.A. 2004, ApJ, 604, 176.
Staveley-Smith, L., Kim, S., Calabretta, M.R., Haynes, R.F., and Kesteven, M.J. 2003, MNRAS, 339,
87.
Subramaniam, A., and Subramanian, S. 2009, ApJ, 703, L37.
Subramanian, S., and Subramaniam, A. 2010, A&A, 520, A24.
Subramanian, S., and Subramaniam, A. 2012, ApJ, 744, 128.
Subramanian, S., and Subramaniam, A. 2013, A&A, 552, A144.
Subramanian, S., and Subramaniam, A. 2015, A&A, 573, A135.
Udalski, A., Szyman´ski, M.K., Kubiak, M., Pietrzyn´ski, G., Soszyn´ski, I., Woz´niak, P., and
˙Zebrun´, K. 1999, Acta Astron., 49, 201.
Udalski, A. 2003, ApJ, 590, 284.
Udalski, A., Szyman´ski, M.K., and Szyman´ski, G. 2015, Acta Astron., 65, 1.
van der Marel, R.P., and Cioni, M.-R.L. 2001, AJ, 122, 1807.
van der Marel, R.P. 2001, AJ, 122, 1827.
van der Marel, R.P., and Kallivayalil, N. 2014, ApJ, 781, 121.
Venzmer, M.S., Kerp, J., and Kalberla, P.M.W. 2012, A&A, 547, A12.
Wagner-Kaiser, R., and Sarajedini, A. 2013, MNRAS, 431, 1565.
Weinberg, M.D., and Nikolaev, S. 2001, ApJ, 548, 712.
Wyrzykowski, Ł., et al. 2011, MNRAS, 416, 2949.
Yoshizawa, A.M., and Noguchi, M. 2003, MNRAS, 339, 1135.
Zhao, H., and Evans, N.W. 2000, ApJ, 545, L35.
